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CHAPTER 1. INTRODUCTION 
The development of a viable manufacturing process is a complex task that must 
address and solve a plethora of problems related to the individual steps to full-scale 
market production. The ultimate purpose of the activities that constitute the development 
of a process is usually to create a product that can be sold at a profit. The magnitude of 
the profit depends on the market value of tiie product itself, the scale of production and 
manufacturing costs. Once product value is established by the market, the only means to 
maximize profits are to increase the production scale and to minimize production costs. 
However, in most cases, the scale of production is imposed by market demand, so 
reduction of manufacturing costs becomes the principal target to boost profits. Also, 
decreasing sales price is often a factor that greatiy influences the penetration of the 
product in all potential markets. 
Evidentiy, the type, structure and efficiency of the manufacturing process are key 
elements that affect both the profit itself and the very fate of the product on the market. 
An efficient, coherent process will insure stable, good quality production and will allow 
the manufacturer to explore new markets and new uses. But, in addition to this, any 
process, no matter how efficient or profitable, will not be acceptable if environmental 
standards are not met. From this perspective, the development of a chemical process has 
to take into consideration a variety of aspects that are related to the setup of the 
manufacturing facility, the mode of operation, the type of equipment used, the nature and 
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degree of hazardousness of the reagents, auxiliary materials, by-products and waste, 
recovery/reuse of materials as opposed to disposal etc. Therefore, for a process to be 
viable, both aspects of efficiency and environmental acceptability must be assessed in 
conjunction with each other. 
The task of elaborating a chemical process becomes even more complicated when 
the product is new and is to be produced at a low to intermediate scale. One reason for 
this is that all development activities must "start from scratch", with very limited physical 
and thermo-chemical information and with almost non-existent design data. Moreover, 
the reduced production scale and unsecured market dramatically increase the importance 
of issues such as yield, which is directly related to cost per unit product and overall 
materials and energy efficiencies. 
A typical example in this respect is the manufacture of p-hydroxy-p-methyl-
butyrate (HMB) for human consumption as a nutritional supplement or as an animal feed 
additive. HMB, labeled as a protein breakdown suppresser, is being manufactured for 
Metabolic Technologies, Inc., (MTI), a company located in Ames, Iowa. The current 
process, comprising three major steps-reaction of diacetone alcohol and sodium 
hypochlorite, separation of the product by batch, cross-current extraction and 
crystallization-displays very low efficiency and has to deal with hazardous reagents and 
by-products. Currently, the high costs related to this process, as well as the environmental 
safety problems associated with it negatively infringe upon the price of the product on the 
human market and constitute the main obstacle in the way of exploiting the animal 
3 
market. 
The purpose of this project is to develop an optimum chemical process philosophy 
for the manufacture of HMB, using the existing synthesis and purification schemes as a 
starting point. Process analysis and improvement will be performed as a means to 
increase overall efficiency and to address environmental concerns. The first two steps, 
reaction and extraction, will be studied in detail as they are of crucial importance for the 
outcome of the entire operation. Finally, the findings of this investigation will be used to 
propose several process schemes that could lead to dramatic improvements in overall 
yield, product purity and material costs. 
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CHAPTER 2. HMB-APPLICATIONS AND IMPORTANCE 
2.1. The Role of HMB in the Human and Animal Metabolism 
P-hydroxy-P-methyl-butyrate is one of the latest and most successful dietary 
supplements available today. The increasing attention and popularity it has gained in 
recent years stem from its wide range of uses and from the fact that it is a natural 
compound, being consumed and produced by the human body. In an era of mounting 
awareness and concern regarding the effectiveness, potential side-effects and health 
hazards associated with new drugs, HMB stands out as a powerful and safe nutrient for 
both humans and animals. 
HMB (also known as P-hydroxy-isovaleric acid) plays a key role in muscle 
protein synthesis and protein breakdown, as a metabolite of the amino acid leucine. 
Initially, this role was attributed to leucine, a branched-chain amino acid (BCAA). 
Certain studies showed that leucine, as well as other select BCAA, have anabolic effects 
similar to those of insulin. Thus, for example, it was proven that heart protein synthesis 
increases by approximately 40% when leucine alone or all of the amino acids are 
increased between 1 and 5 times the normal concentration [1]. Similar findings were 
observed in liver slices and skeletal muscle preparations, and the use of leucine was 
suggested for the treatment of chronic liver disease. Other studies have shown variable 
results in the benefits of supplementing leucine, isoleucine and valine, during stressful 
situations such as infections and trauma. Additionally, several investigators inferred that 
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plasma amino acids, and BCAA, in particular, have a role in regulating the rates of whole 
body and regional protein turnover. 
However, dietary leucine supplementation in pigs, fish and lambs did not generate 
an increase in muscle growth. Moreover, higher levels of leucine in humans indicate little 
or no effect on muscle mass or strength. These contradictory findings led to the 
conclusion that "down-stream" leucine metabolites, rather than leucine itself, are 
responsible for the observed metabolic effects attributed to BCAA. In a subsequent 
hypothesis it was posmlated that a-ketoisocaproic acid (KIC), the first by-product of 
leucine metabolism, was the active controller in the transformation of proteins, but 
several studies produced unconvincing results in this respect [1]. Consequently, attention 
was shifted to metabolites of leucine downstream firom BCIC: acetoacetate (the primary 
product), P-hydroxy-butyrate (BHB), isovaleryl-CoA (TVA-CoA), P-hydroxy-P-methyl-
glutarate (HMG) and, finally, HMB (Figure 1). The conclusion of several investigations 
was that, by far, of all metabolites listed above, HMB, even though it is produced in 
minor quantities compared to the rest, has the most significant influence on muscle 
breakdown and accretion as well as on other aspects of human and animal metabolism. 
The exact mechanism by which HMB affects muscle metabolism is still unknown, but 
two hypotheses have been set forth to explain the observed results [1]. The first one 
asserts that incubation of the muscle with either KIC or leucine prevents proteolysis in 
the muscle. The second one postulates that HMB participates in an unknown process, zis 
part of a structural component within tissues or membranes. Regardless of the 
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Figure 1. Simplified representation of the methabolic pathway for leucine, KIC and HMB 
in mammals [1] 
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uncertainties associated with these mechanisms, the most important metabolic effects of 
HMB have been proven through numerous experiments. These effects are, as follows: 
2.1.1. Partial prevention of exercise-induced muscle proteolysis and/or muscle 
damage. Increased gains in muscle function, lean mass percentage and strength for 
trained and untrained subjects 
In two separate studies, one for 3 weeks and the other for 7 weeks, subjects 
randomized among several levels of HMB supplementation (0, 1.5 or 3.0 g HMB per 
day) and two protein levels (normal, 117 g/day, or high, 175 g/day) performed weight 
lifting of various intensities [2]. In other experiments, trained and untrained subjects, fed 
different amounts of HMB (0 or 3 g/day in divided doses), completed strict resistance and 
trunk exercise programs [3-5]. The results showed a marked decrease in exercise-induced 
rise in muscle proteolysis, as well as a significant increase in weight lifted and in fat-free 
muscle mass, for subjects supplemented with either 1.5 or 3 g HMB per day. 
2.1.2. Reduction of blood cholesterol levels [6] 
Elevated blood cholesterol levels are causative factors for both coronary heart 
disease and cardiovascular disease. Total cholesterol in excess of 240 mg/dl and/or LDL 
(low-density lipoprotein, a form of cholesterol) greater than 160 mg/dl generally indicate 
the need for therapeutic treatment. Studies performed on both animals and humans have 
demonstrated that HMB can be safely administered in amoimts that will significantly 
reduce blood levels of total cholesterol (by 6%) and of LDL cholesterol (by 10%). This 
s 
effect of HMB appears to be an unusual characteristic. Administration of leucine or KIC 
has failed to produce the same result. 
2.1.3. Increase of the immune response in both animals (mammals) and humans [7] 
Several studies conducted on animals demonstrated that HMB supplementation 
enhances the immune system (doubles maximal response of macrophage cells to a 
challenge), improves growth and decreases mortality by 50%. Other investigations 
showed the same beneficial effects on the immune system for humans. 
2.2. Administration and Side Effects 
HMB can be administered in free acid form but, for its intended purpose, it is 
preferred as an edible salt. The salt should be water-soluble or should become water-
soluble in the stomach or intestines. Several alkali metals or alkaline earth metal salts 
could be used, but Ca(HMB)2 is favored because it is less hydroscopic than other salts, 
e.g., than NaHMB [7]. 
To the present, after extensive research, no negative side effects of HMB have 
been recorded. Evidently, this is mostly due to the fact that HMB is produced naturally in 
the human body and is found in several foods, such as grapefruit and catfish. The only 
category for which HMB is not yet reconmiended is pregnant or lactating women, simply 
because safety studies have not yet been conducted for this population. 
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CHAPTER 3. PROCESS ANALYSIS 
3.1. Basic Principles of Process Analysis and Development 
Choosing or developing a particular manufacturing process for a given product 
from a pool of potential candidates is generally a complicated decision. When the 
substance is new, this decision becomes even more complicated because of the lack of 
production experience. This can lead to long delays between laboratory- and commercial-
scale manufacture. However, regardless of how old the product is or how much expertise 
exists, eventually the choice will be dictated by several criteria, of which the most 
important, schematically shown in Figure 2, are presented below. 
3.1.1. Product value 
The value of the product will have an impact on all parameters and stages of the 
process, beginning with its capacity. In principle, a higher economic worth per unit 
quantity corresponds to a lower capacity and fewer cost restrictions imposed on the 
choice of materials, operations and equipment. Nonetheless, it is worth noting that this 
criterion must be considered in conjimction with all the others when deciding which 
process should be used. In other words, even for high added-value products, it is still 
necessary to seek the process configuration that will result in the lowest manufacturing 
costs. 
Capacity 
scale 
Product 
value 
Market 
demand 
Materials- cost 
and availability 
Chemistry-
complexity & selectivity 
Reaction 
conditions 
Separation 
£ purif. 
PROFIT 
/ 
Operating 
costs 
Equipment & mode 
of operation 
Waste generation 
and environmental 
constraints 
Figure 2. Criteria for process analysis and development 
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3.1.2. Price, availability and hazardousness of reactants and mass separating agents 
(MSA) 
In most instances priority will be given to those processes that allow the use of the 
least expensive materials. An alternative to this would be to use products or by-products 
of other operations, available in-house. However, in many cases, less expensive materials 
will not necessarily lead to the lowest overall costs, if by utilizing them other costs will 
increase. For example, a particular choice of inexpensive reactants and/or s)nQthesis 
scheme may result in lower yields or may increase the cost of subsequent separation 
steps. Moreover, opting for a reguiatory-listed solvent may reduce material costs and/or 
improve product recovery, but it also may lead to soil and air contamination problems, 
which are extremely expensive to remediate [61]. Therefore, the decision regarding a 
specific combination of process chemistry, reactants and MSA (solvents, diluents, 
sorbents etc.) should always be accompanied by a careful evaluation of its impact on the 
total manufacturing expenses. 
3.1.3. Complexity of the reaction scheme 
Ideally, a commercially-desirable synthetic scheme should be as simple as 
possible. A large number of reaction steps and/or long reaction times may lead to 
unacceptably high reactor operating costs. As for side reactions, not only do they convey 
a decrease in yield and'or selectivity, but their resulting products will almost certainly 
add to the complexity of down-stream separation and purification schemes and of the 
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waste reduction/disposal problem. Therefore, a careful selection of the reaction scheme 
will serve, simultaneously, three purposes: it will result in the desired product distribution 
and/or maximal yield, it will minimize the requirements for down-stream separation steps 
and, by accomplishing these two, it should greatly contribute to pollution prevention. 
3.1.4. Severity of the reaction conditions (temperature, pressure, corrosiveness) 
According to the same principle of simplicity enunciated above, it becomes self-
evident that, for comparable yields and reagent costs, priority will be given to those 
synthetic schemes that do not involve "special" reaction conditions (extreme 
temperatures/pressure, expensive catalysts, aggressive reaction media), in order to keep 
operating costs at a reasonable level. Although, in many cases, such conditions are 
impossible to avoid, it is always worth making sure no other alternative is available. 
3.1.5. Type and amount of waste generated 
Environmental restrictions are presently tighter than ever and waste disposal is 
highly regulated. Every year, more and more compounds are added to the list of 
environmentally hazardous materials. Due to the seriousness of this problem, very often a 
manufacturer will not undertake an otherwise profitable operation, for the sole reason that 
it would generate toxic waste. Therefore, waste generation and disposal issues can 
become, in many instances, critical in deciding whether or not a process is viable. When 
the formation of hazardous wastes is impossible to avoid and simple disposal is not an 
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option, three approaches can be taken [8]: 
a) the "end-of-pipe" treatment, which relies on destructive methods (incineration, 
biological treatment) to reduce or eliminate pollutant emissions. 
b) adoption of recycle-reuse strategies, consisting of recovery and purification of 
certain chemical species, for subsequent use as reactants or MSA. 
c) source reduction, involving systematic procedures for the in-plant minimization 
of waste [9]. 
Of these approaches, the third is the latest and appears to be the most 
advantageous [10]. It encompasses a concerted effort towards designing and operating all 
equipment, starting with the most important one, the reactor, such that the number and 
amount of polluting by-products be minimized. In this purpose, there will be many 
instances when issues such as reaction conversion or even overall productivity, otherwise 
extremely important, will receive less attention than reaction yield and selectivity, or the 
purity of waste streams [61]. This is particularly true in the case of small- to intermediate-
scale, high-value added products which offer a profit margin that is comfortable enough 
to accommodate such restrictions. 
3.1.6. Downstream processing (purification/concentration) issues 
The cost of separations accounts for a large part of both capital and operating 
costs. For example, it was estimated that over 1/3 of the typical capital investment, in 
chemical plants, and about 70 % in bioprocessing and petroleum refining, is for 
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separations. Also, it was determined that distillation operations alone make up about 3 % 
of the total US energy consumption [11]. Consequently, it becomes clear that excessive 
separation costs can easily become a major impediment to the success of a proposed 
technology, no matter how advantageous that technology is in other respects. This issue 
encompasses the number of separations needed, as well as their efficiency, defined as the 
amount of mass separating agent utilized per unit quantity of pure product, and energy 
requirements. 
3.1.7. Equipment availability or cost 
More often than not, the choice for a particular type of reactor and/or mass 
transfer unit is made according to economic considerations (capital costs) rather than 
technical performance. Particularly in the case of small companies and new substances, 
designed for small or insufficiently tested markets, investment costs will prevail over 
other criteria, and, if possible, equipment that is already available in-plant is preferred. 
This decision will not only affect the performance of that particular unit operation but it 
will infiinge upon the characteristics of the entire process, including aspects such as the 
rate or productivity, and mode, continuous, or batch, of production. In some instances the 
effects are negligible but generally, when making such a choice, one must carefully weigh 
all of its implications on the outcome (profit) of the operation. 
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3.2. Analysis of the Existing HMB Manufacturing Process 
The main goal of this work is to analyze the current HMB manufacturing process, 
according to the criteria listed above, and to propose and demonstrate modifications that 
will result in higher cost-efifectiveness. Also, special attention will be given to identifying 
technological and chemical alternatives that could reduce the enviromnental and safety 
problems associated with this operation. 
Presently, HMB is manufactured exclusively for Metabolic Technologies, Inc. 
(MTI), a company based in Ames, Iowa, by two manufacturers, Sloss Industries, in 
Alabama, and Wiley Organics, in Ohio. HMB is generated by the reaction between 
diacetone alcohol (DAA) and sodium hypochlorite (bleach), in aqueous solution. After 
extraction, crystallization, filtration and drying, the final product results as a calcium salt 
(Ca(HMB)2). The process flowsheet is shown schematically in Figure 3. 
Diacetone alcohol is reacted with bleach, in a stirred tank (1). The reaction 
products consist of an aqueous solution of C5H903Na (NaHMB), C2H302Na (NaAcetate), 
C5H904Na (the sodium salt of the a,P-dihydroxy-P-methyl-butyric acid), NaCl and 
NaOH, and of an organic phase containing chloroform. The organic phase is separated 
from the aqueous solution which is then neutralized with HCl and passed to an evaporator 
(2), where its volume is reduced to a third. The concentrated solution is subjected to a 
series of two batch, cross-current extractions with ethyl acetate (3,4), after which the final 
raffinate (R) is discarded and the combined extracts (El, E2) are sent to the solvent 
DAA H(pi 
Ethyl acetate 
NaOCl soln. 
(16% wt.) 
HMB crude 
Water 
Chloroform (to disposal) 
Ethanol 
Ca(HMB)2 . 
ctystals^ ^ 
8. o-
Ca(HMB) 
slurry 
Ca(OH) 
HMB 
conc. 
soln Combined 
extracts 
Final raffmate 
(waste) 
o\ 
Figure 3. Flowsheet of the HMB manufacture by the DAA/bleach process 
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recovery unit (5). HMB is then crystallized with Ca(OH)2 in ethanol (6), filtered (7) and 
dried (8). 
This process, despite the fact that it is simple and utilizes inexpensive materials, is 
not very cost-effective, nor is it totally desirable from an environmental or safety 
standpoint. The major pitfalls associated with it are discussed below. 
3.2.1. Very low overall yield 
The overall yield, expressed as moles of HMB in final product/moles of diacetone 
alcohol consumed, is only 21%, and results from a low reaction yield and significant 
product losses downstream from the reactor. Individual efficiencies for each unit 
operation are presented in Table 1. 
3.2.2. Inefficient solvent use 
Given the nature of the separation problem-recovery of a high boiling point 
carboxylic acid (Table 9, Appendix A) from a dilute aqueous solution-liquid extraction 
Table 1. Unit operation efficiencies in the manufacture of HMB 
Reaction' Extraction 
(combined)* 
Solvent 
recovery' 
Crystallization* Filtration' 
Efficiency (%) 50 80 93 75 77 
' reaction yield, moles HMB formed/moles DAA reacted 
^ moles HMB in final extract/moles HMB in initial raffinate 
^ moles HMB fed to crystallizer/moles HMB in final extract 
^ moles HMB crystallized/moles HMB fed to crystallizer 
^ moles HMB in cake/moles HMB fed to filter 
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(as opposed to distillation), followed by crystallization, is clearly a justifiable option. The 
problem resides in the fact that, in the existing process configuration, both extraction and 
crystallization require very large amounts of solvent. Approximately six gallons of ethyl 
acetate are necessary for every kilogram of HMB extracted and 20 gallons of ethanol are 
used for every gallon of feed during crystallization. Moreover, for each batch, 10-15 % of 
the ethyl acetate and 12 % of the ethanol are lost by evaporation and dissolution in water. 
Knowing that ethyl acetate and ethanol account for one third of the total material 
expenses (Figure 4) it becomes evident that the inefiBcient use of solvents has a 
significant negative impact on manufacturing costs. 
3.2.3 Toxic by-products 
Chloroform, a reaction by-product, is the subject of strict regulations, being 
considered environmentally hazardous. Consequently, its uses or potential applications as 
a reactant or mass separating agent in other processes are very limited and its disposal is 
costly. For these reasons the entire HMB operation became imattractive to several 
manufacturers who declined undertaking it [25]. Also, the presence of sodium acetate and 
DPIMB in the extraction rafRnate is unwanted. 
3.2.4. Energy- and time-consuming evaporation step 
Boiling off the aqueous solution resulting firom the reaction was deemed 
necessary for volume reduction in view to extraction. Due to the large amount of water 
16.7 % 16.5 % 
3.5 % 
1.1 % 
1 
Package HCl Ethanol Et. ac. 
Figure 4. Structure of material costs for the production of HMB 
22.3 % 
30.5 % 
DAA NaOCl 
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that needs to be evaporated (approximately 32 lb water/lb Ca(HMB)2 produced), this is 
one of the most slow (14 hours) and least energy-efiScient steps of the entire process. 
3.2.5. Discontinuous mode of operation 
The batch mode of operation was dictated by the availability of the equipment. To 
avoid additional capital costs, the manufacturer decided to use equipment that was 
already available on-site. However, running the process in a batch configuration requires 
auxiliary operations (for loading/unloading, heating or cooling) and more personnel, 
which will increase operating costs and reduce productivity. 
3»3. Opportunities for Process Improvement 
The process analysis suggests five major goals to be achieved for this operation to 
become more profitable: 
3.3.1. Enhancement of the reaction yield 
The DAA/bleach reaction system needs to be studied in detail and its conditions 
(concentrations, temperature, reactant contacting pattem etc.) optimized to achieve 
maximal yield. Obtaining the maximal reaction yield will reduce the cost of starting 
materials (reactants) per unit quantity of product. Also, smaller quantities of by-products 
in the reactor outlet stream will lead to an increased efficiency of the separation and 
purification steps. This is especially the case for the crystallization yield which was 
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shown to be seriously reduced by the presence of acetic acid in the mother liquor [25]. 
33.2. Increased extraction efficiency 
An efficient extraction step should accomplish maximum recovery and purity of 
the product with the least amount of solvent. This would not only reduce HMB losses but 
it also would lead to a higher crystallization yield and would decrease solvent costs. Two 
approaches should be considered for this purpose, individually or simultaneously: 
a) adopting a counter-current mode of operation 
b) finding solvents with better extraction characteristics (higher HMB partition 
coefficient, lower solubility in water, lower volatility) than ethyl acetate. 
3.3.3. Elimination of the volume reduction step 
As previously mentioned, this would reduce power consumption and operating 
costs. An efficient extraction should make this step unnecessary. 
3.3.4. Minimization of waste generation and pollution reduction 
Less or no chloroform produced would eliminate the regulatory concerns 
associated with it or reduce disposal costs. Since the amount of chloroform is strictly 
dependent on reaction stoichiometry and yield, its formation may or may not be 
controlled through changing reaction conditions. If eliminating it is not possible, the 
option of using it as a diluent for the substrate or as a mass separating agent should be 
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considered. 
The amount of the two other major contaminants, sodiimi acetate and DHMB, 
needs to be reduced at the source, that is, by increasing reaction yield and selectivity. 
3.3.5. Running the process in a continuous mode 
Switching the entire operation to a continuous mode would require a complete 
redesign of process, starting with the reactor, but the increase in productivity will most 
certainly offset higher capital costs. This issue, however, will be largely influenced by 
capacity scale and market demand factors. 
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CHAPTER 4. THE HALOFORM REACTION 
4.1. Definition and Importance of the Haloform Reaction 
The formation of HMB by the interaction between diacetone alcohol and bleach 
belongs to an important class of organic processes called the haloform reaction. By 
definition, the haloform reaction is the process by which a methyl ketone is converted 
into the salt of a carboxylic acid and a trihalomethane (haloform), through the action of a 
hypohalite (an alkaline solution of a halogen) [15]. It was discovered accidentally in 
1822, when, for the first time, an alcohol was oxidized by iodine and an alkali to a ketone 
and subsequently to a carboxylic acid and iodoform. This finding was followed by a 
series of other experiments, during the nineteenth century, that resulted in the production 
of trihalomethanes through reactions between different alcohols and hypohalites. Of 
particular importance is the first synthesis of bromoform, in 1834, by the reaction 
between an alcohol and hypobromite. This led to establishing the composition of the 
haloforms and their present nomenclature, which reflects the fact that they yield formic 
acid on hydrolysis [16]. 
Early in the history of this synthetic method it was incorrectly assumed that 
several classes of organic compounds can produce haloforms, when oxidized by 
hypohalites. This conclusion was mostly due to the fact that the reagents used contained 
impurities, in particular acetone. Only after the discovery of the iodoform test was it 
understood that, for an organic compound to undergo the haloform reaction, it must 
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contain one of these two groups [17]; 
C CH3 CH CH3 
O OH 
Since its discovery the haloform reaction has been used both as a tool for structure 
determinations, at least until spectral analysis techniques were developed, and as a 
synthesis method. One of the most significant synthetic applications was the reaction 
between acetone and calcium hypobromite, used for many years in the production of 
chloroform, but presently abandoned [18]. In other applications, carboxylic acids can be 
prepared, in good yields, fi-om certain alcohols or ketones, provided that the structural 
requirements for the starting materials (the two groups shown above) are met and that the 
rest of the molecule is resistant to the reagents [15,16,19-21]. 
4.2. Mechanism and Kinetics of the Haloform Reaction 
The haloform reaction is composed of two consecutive parts; a base-promoted 
halogenation of a methyl ketone, followed by cleavage of a carbon-carbon bond [17]; 
Base-promoted haloeenation 
Halogenation in the basic media takes place in two steps. First, an enolate ion is 
formed, and then the enolate ion reacts with halogen to form a trihaloketone; 
Formation of the enolate ion 
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R—C—C—H +^;0H 
H 
O 
II •• 
R~C—C—H +H:0H 
H 
enolate ion (1) 
Formation of the trihaloketone 
— H + X-X 
O X 
— H + x' 
(2) 
O X 
II I 
R—C—C-
I 
H 
•H + JOH 
O X 
R—c—c! 
I 
H (3) 
r / Y- O X 0 X OH, Xo 
— X 
(4) 
The methyl group will always be completely halogenated because, as hydrogen 
atoms are replaced with halogens, the remaining hydrogen atoms will become more 
acidic, and this will result in higher rates of enolization of the already-formed halo 
ketones [17,22]. 
Halogenation of the non-methyl group is also possible, although very often it can 
be sterically hindered [24]. Cullis and Hashmi [52] have reported the formation of iodo-
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acid from the iodination of several methyl ketones, and the mechanism they propose 
involves halogenation at both locations (methyl and non-methyl) taking place before 
chain cleavage. 
Bond cleavage 
Cleavage of the bond between the carbonyl group and the trihalomethyl group is 
caused by the presence of the [OPT] ions. In the initial step, the carbonyl carbon 
undergoes a nucleophilic attack by the hydroxyl ion, which is followed by the carbon-
carbon bond cleavage and the formation of the carboxylate ion and haloform molecule 
[17]. 
f s  ^  ^  f  
R—c—C—X + ;oH ^ ^ R—c—c—X 
i I ) II 
^ X OH X 
ft 
n _ ?• f 
R—c—C—X + loii R—c—C—X 
Cx ^ ' ' OH X 
o2\ X o X 
M I . II I 
R—C~C-X-^-*^ R—C + H—C-X 
16ri V" I 
OH X X 
carboxylate ion haloform 
(5) 
(6) 
(7) 
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While all authors seem to agree unanimously on the mechanism of the haloform 
reaction, as represented in the above expressions, its kinetics are subject to rather 
divergent and complex findings. According to Bartlett [53], Bell and Longuet-Higgins 
[54], for hypobromite and hypoiodite solutions, the rate determining step is the formation 
of the enolate ion. Thus, the reaction rate is first order in substrate and base, respectively, 
and the rate constant is identical for both halogenating agents. In the case of hypochlorite, 
it is asserted that the rate is significantly lower than for NaOBr or NaOI, and that 
halogenation is rate determining. Others [55, 56] have noticed a change in the rate 
determining step, from first order in hypohalite at low concentrations, to zero order, at 
higher concentrations, regardless of the identity of the halogenating species. Finally, 
some authors [22, 23] have stated that the rate-determining step is the formation of the 
enolate ion and that the magnitude of the rate is identical for chlorination, bromination 
and iodination, under the same conditions. 
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CHAPTER 5. SYNTHESIS OF P-HYDROXY-P-METHYL-BUTYRATE BY THE 
HALOFORM REACTION 
Industrially, HMB is produced by reacting 4-hydroxy-4-methyl-pentan-2-one 
(diacetone alcohol) and sodium hypochlorite solution, at a NaOCiyDAA molar ratio of 
3.4 (13 % molar excess NaOCl) [6]. DAA is slowly added to bleach, in a stirred tank 
reactor, and the temperature is maintained between 10 °C and 20 °C (cooling is effected 
by the means of an external mantle). The products consist of an aqueous solution of salts 
and an organic phase containing chloroform: 
OH O OH O 
X JL 4NaOH+3CIi JL 
^ -W^^^ONa ^^^^3 + 3NaCl + 2H2O 
diacetone Na-p-hydroxy-p-methyl 
^cohol -butyrate chloroform 
In the literature there are only two reports of laboratory-scale HMB syntheses by 
the bleach/diacetone alcohol reaction. Pressman and Lucas [57] describe the preparation 
of silver p-hydroxy-isovalerate, precipitated from the reaction between calcium p-
hydroxy-isovalerate and silver nitrate. Nine grams of CaHMB crystals (approximately 7 
% molar yield) were obtained from 100 g of diacetone alcohol and an 11 % wt bleach 
solution (NaOCl/DAA=3.7, equivalent to a 22 % molar excess hypochlorite), under 
cooling and vigorous stirring. Under similar concentration and reactant ratio conditions, 
but using a reflux condenser and diluting DAA in dioxane, Cofifinan et al. [58] reported a 
70 % molar HMB yield. Unlike Pressman and Lucas, who used ether to extract the acid 
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from the aqueous solution, Coffinan's group recovered the product with methyl ethyl 
ketone (MEK). It is the authors' opinion [58] that the difference in molar yields between 
the two experiments can be explained by the higher partition coefficient of HMB in 
MEK, compared to ether. 
In addition to the HMB formation, there are several side reactions that take place 
during this oxidation process. These reactions will be described in the remainder of the 
present chapter. 
5.1. Decomposition of Diacetone Alcohol by the Retro*Aldol Reaction 
In the presence of hydroxyl ions, diacetone alcohol decomposes reversibly to 
acetone: 
OH O O O 
.pk ^  A ^ A 
acetone (9) 
A mechanism for this reaction was proposed by Nelson and Butler [65] and it comprises 
three steps: 
Deprotonation 
OH O sIQ^V OH O 
(10) 
30 
Cleavage 
0 OH 
A • A 
(11) 
Conversion to keto form 
O 
+ H2O 
OH A ^H,0 
(12) 
According to this mechanism, the rate-determining step is the deprotonation, the 
decomposition rate is first order with respect to DAA and OH~ and the condensation rate 
is second order in DAA and first order in OH". French [65] determined the second-order 
rate coefficient, for the decomposition, as a function of temperature: lc=koexp(-E/RT) 
1/moie-s, where ko=1.3M0" and the activation energy has the value of 18020 calories. 
Koechlichen [65] has measured the equilibrium constant, at 25 °C, for various water 
contents and the results are presented in Figure 5. Thus, for the aldol condensation, the 
third-order rate constant, at room temperature, is equal to 0.018 1^ mole"^ min"'. 
The kinetics of the retro-aldol reaction are subject to significant solvent and salt 
effects. Thus, Akerlof [27] measured the reaction velocity in mixtures of water and 
different aliphatic alcohols, of various compositions, in the presence of 0.1 N sodium 
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Figure 5. Equilibrium constant as a function of the water 
content for the retro-aldol reaction [28] 
hydroxide. Specifically, his results indicate that the rate constant increases nearly twofold 
for concentrated solutions of isopropanol, propanol or methanol and propanol, 
respectively, while it decreases by a factor of ten for concentrated solutions of glycerine, 
ethylene glycol or methanol (Figure 6). Although the author hypothesizes on the physical 
and thermodynamic phenomena that might explain his findings, he does not provide a 
solid, irrefutable interpretation for them. 
Akerlof [59, 60] also did several studies on the effects of some mineral salts on 
the rate of decomposition of diacetone alcohol. His findings indicate that, in the presence 
of certain anions (e. g., CI , Br , I ), the rate coefficient decreases significantly (Figure 
7), while other anions (e. g., carbonate, fluoride, sulfate) have the opposite effect. To 
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Figure 6. Rate of decomposition of diacetone alcohol in water-alcohol mixtures at 25 °C 
in the presence of 0.1 N sodium hydroxide [30] 
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Figure 7. Rate constant for the retro-aldol reaction as a function of the sodium chloride 
concentration in the presence of 0.1 N NaOH [63] 
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explain his results he asserts that monovalent anions reduce the activity coefiScient of the 
hydroxyl ion, while divalent ions increase it [59], 
5.2. Hypochlorite Oxidation of Acetone to Sodium Acetate 
Acetone resulting from the decomposition of diacetone alcohol reacts with bleach 
to form sodium acetate: 
O O 
A 4NaOH+3Cl2 A; + CHCI3 + 3NaCl + 3H2O 
sodium acetate (13) 
This is another particular case of the haloform reaction. The hypohalite oxidation 
of acetone, in alkali media, has been intensely studied over the years. Unfortunately, 
information about the mechanism and kinetics for this reaction, in particular, is just as 
confusing and contradictory as for the haloform synthesis, in general. For the purposes of 
our project, however, we have decided to base our future analyses on the findings of 
Guthrie, Cossar and Klym [62]. They provide a reaction mechanism and a rate expression 
that are consistent with other previous findings and that will be used later on in this work. 
In theu- article it is stated that, at high concentrations of hypochlorite, the reaction is 
pseudo-second order (first order in acetone and first order in hypochlorite) and that the 
corresponding rate coefficient, at 25 °C, can be expressed as a function of the 0H~ 
concentration, as follows: 
k2=0.0025±0.0009+(0.0877±0.0029)[OH~] 1 mole's"' (14) 
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It follows that the hydroxyl-independent rate constant can be approximated as 0.0877 1^ 
mole'^ s"'. 
Another interesting finding was published by Bartlett [53] and it concerns salt 
effects. In his quest to identify the exact nature of the active halogenating species, he 
registered a 22 % rate increase as a result of adding a certain amount of potassium 
chloride to the reaction mixture. This phenomenon, affecting all haloform reactions 
taking place in our system, as well as the retro-aldol decomposition, is very important 
when trying to maximize the net HMB formation and will be discussed in more detail in 
the next chapter. 
5.3. Formation of a,|3 - Dihydroxy - P - Methyl Butyrate (DUMB) 
The existence of this diol, as a by-product, has been postulated based on the 
assumption that diacetone alcohol may also be halogenated at the a position of the non-
methyl group; 
OH g HO O 
'ONa + + 5NaCl + 3H2O 
O
5NaOH-MCl2 
Na-a, p -dihydroxy-P -methyl 
-butyrate 
Two mechanisms can be considered for this reaction: 
i) First, halogenation occurs at the a position of the non-methyl group, followed by 
oxidation, halogenation of the methyl group and finally chain cleavage: 
36 
9v 9 HO 0 HO 0 
OH" , ^LX -
a,p-dihy(lroxy-P-methyl a,P-dihydroxy-P-methyI 
pentanone butyrate 
ii) Halogenation at the a position of the non-methyi group occurs after HMB is formed: 
OH O OH O HO O 
a-chloro-P -hydroxy-
-P-methyl-butyrate 
HO p Q. o HO O 
 ^^ cr 
a,p-oxy-P-methyl a,P-dihydroxy-P-methyl 
butyrate butyrate 
Although previous studies tend to suggest the first hypothesis [22, 24, 52], there is 
not enough evidence to substantiate or eliminate either mechanism. Moreover, the 
formation of the diol itself is questionable, since the compound has not yet been isolated 
or quantified [25]. However, for the purposes of our future analyses, we will adopt the 
first hypothesis, namely, that halogenation at the alpha position occurs before chain 
cleavage. The implication of this assumption is that DHMB is formed directly from DAA 
and not from HMB, thus, that HMB and DHMB formations are competitive, not 
consecutive, reactions. 
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CHAPTER 6. REACTION YIELD ENHANCEMENT 
6.1. Goal and Strategy 
As previously stated, tiie first and perhaps the most important task to address 
when attempting to increase the efficiency of the HMB manufacturing process consists of 
investigating all opportunities for enhancing the reaction yield. Thus, as a general goal, 
one must maximize t], the HMB molar yield, by maximizing the rate of HMB formation 
relative to the rate of DAA consumption in the side reactions. The system to be optimized 
comprises several competing and consecutive reactions. Assuming the mechanism of 
DHMB formation presented in the previous chapter holds, this complex reaction system 
can be represented schematically as 
HMB 
DHMB 
HAc Ac 
where Ac = acetone 
HAc = acetic acid 
The objective function can be expressed, in a very general form, as: 
' 
where ri, r2, r3 = rates of HMB formation, DHMB formation and retro-aldol reaction, 
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respectively 
k|, k2, k3 = rate constants for these reactions 
[Ai], [AJ, [A3] = species concentrations appearing in the rate expressions 
mi, n2, P3 = reaction orders with respect to a given species 
To accomplish this task one must first understand the kinetics and equilibria of all 
reactions previously mentioned. This is particularly important given the incomplete and 
conflicting information existing in literature, related to the mechanism of the haloform 
reaction. Accordingly, those operating conditions (temperature, reactant and catalyst 
concentrations etc.) that lead to the best product distribution must be identified. Finally, 
the reactant contacting pattern and reactor type will be established in direct relation to the 
optimum operating conditions. 
In light of the approach mentioned above, the influence of the following factors, 
on r|, will be smdied: 
1) Equilibrium limitations 
2) Operating temperature 
3) Reactant ratio 
4) Species concentration 
5) Solvent effects 
6) Salt effects 
We also will develop a kinetic model capable of simulating the evolution in time 
of the species' concentration in the reactor and we will compare its results with our 
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experimental findings. This will not only help in validating our hypotheses about the 
kinetics of the process, but it also will lead to the determination of the rate constants 
needed for reactor design. 
6.2. Estimation of Physical and Thermochemical Properties 
Collection and/or estimation of physical and thermochemical data for all 
substances involved is necessary prior to attempting further analyses. Of particular 
interest when studying the reaction kinetics are properties such as standard heats, 
entropies and Gibbs free energies of formation. Data were collected from available 
compilations [12, 13] and, when necessary, corrected for pressure and temperature. The 
pure liquid phase at 25 °C and 1 atm was taken as the reference state. For two compounds 
(HMB and DHMB) experimental data are, for the most part, not available. Therefore, 
property values had to be estimated using empirical correlations [14]. The results and 
methods of estimation are summarized in Appendix A. 
6.3. Equilibrium Limitations 
To establish whether any of the three haloform reactions are equilibrium-limited, 
Gibbs free energies of reactions were estimated, using the data and methods presented in 
Appendix A. The results, presented in Table 2, clearly indicate that all three reactions are 
irreversible and therefore that the final distribution of products will solely depend on 
kinetics and operating conditions. 
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Table 2. Estimate of the Gibbs free energies of reaction for the diacetone alcohol/sodium 
hypochlorite system 
Product AG, at 25 °C (kcal/mole) 
HMB, free-acid 
-232 
DHMB, free-acid 
-336 
CHjCOOH, free-acid 
-208 
6.4. Operating Temperature 
In general, the net heat of reaction and thermal operating regime are important 
factors that, in a complex reaction system, will influence both the product distribution and 
the choice and size of the reactor. In particular, in the case of the HMB synthesis, 
feedback from the commercial manufacture [25] as well as previous laboratory-scale 
work [58] indicates that the overall heat effect is highly exothermic. In fact, it is the very 
exothermic nature of the system that has imposed the semi-batch (as opposed to batch) 
mode of operation in the production of HMB: by adding diacetone alcohol gradually to 
bleach, temperature excursion is avoided. Moreover, most of the experimental haloform 
syntheses described in the literature were performed following one heat removal 
procedure or another ("quenching" the reaction vessel in an ice bath, using a solvent for 
the substrate etc.). 
These observations were confirmed by heat of reaction estimates, calculated by 
group contribution methods (Appendix A) and presented in Table 3. The results suggest 
a strong overall exothermic effect, as all three haloform reactions generate a substantial 
amount of heat. Only the retro-aldol reaction is endothermic, but its effect is more than 
offset by the heat resulting from the oxidation reactions. 
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Table 3. Estimate of heats of reaction for the diacetone alcohol/sodium hypochlorite 
system 
f»roduct AHj at 25 °C (kcal/tnoi) 
HMB, free-acid 
-210 
DHMB, free-acid 
-313 
CHjCOOH, free-acid 
-278 
Acetone 14 
Also, it has been reported that at temperatures above ambient sodium hypochlorite 
undergoes disproportionation reactions to chlorate and chloride, as follows [66]: 
2Na0Cl->NaC102+NaCl 
NaOCl+NaClOi-^NaClOj+NaCl 
Consequently, from a strictly qualitative point of view, it can be asserted that the 
formation of the desired product will be favored by low temperatures. In addition to the 
arguments stated above, one must also take into consideration that the equilibrium 
constant in the decomposition of DAA increase significantly with temperature [63] and 
this will certainly lead to an increased production of acetic acid. However, heats of 
reaction alone do not provide enough information to clearly establish the dependence 
between the HMB yield and temperature. While it is true that low temperatures favor the 
exothermic HMB formation, one can easily notice that two of the three side reactions are 
also exothermic, thus they too will be favored. The only reliable way to predict the 
product distribution as a fimction of temperature would be to substitute in the expression 
for Rhmb the values for the activation energies, plot Rhmb with respect to T and observe 
the trend (or the point of extremum, should such a point exist). Unfortunately, activation 
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energy data exist only for the retro-aldol reaction, thus, such a prediction would not be 
possible. 
It therefore follows that, in the absence of kinetic information, one can only study 
the ti-T dependence experimentally, by observing changes in final product distribution as 
a fimction of temperature. This investigation would also be interesting since very few 
such studies, if any, have been performed so far for haloform reactions. 
In this purpose we have conducted a series of experiments consisting of 
isothermal reactions of bleach and DAA, in stoichiometric amounts (250 ml bleach and 
21 ml DAA, corresponding to a NaOCl/DAA molar ratio of 3) at several ambient and 
sub-ambient temperatures. Details concerning the experimental setup and procedures are 
presented in Appendix C. 
The results, presented in Figure 8, show a marked decrease of r\ with temperature, 
from 43 % at 4 °C to 36 % at 23 °C. An explanation for these findings is provided by 
comparing estimates of the HMB selectivities at the extremes of the temperature range: 
i§H^^14 and i§H£D)^ = 1.07 (19) 
(S„m)B (SH/D):3 ^ ^ 
where: Sn/A^selectivity of HMB with respect to acetate, expressed as HMB 
concentration/acetate concentration 
SHA)=selectivity of HMB with respect to DHMB, expressed as HMB 
concentration/DHMB concentration 
Thus it becomes apparent that, at lower temperatures, more HMB will be formed 
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at the expense of acetate, as less diacetone alcohol is decomposed into acetone, and one 
can only expect this trend to be continued at temperatures below 4 °C. Selectivity with 
respect to DHMB, on the other hand, seems to change very little, suggesting that 
activation energies for reactions 1 and 2 are very close in value. According to these 
hypotheses, by operating the reaction at low temperatures, a significant gain in yield and 
selectivity with respect to acetate will be achieved, but the amoimt of DHMB formed will 
only decrease slightly. 
6.5. Reactant Ratio 
Since three of the four reactions that take place consume sodium hjqjochlorite, the 
likelihood of achieving complete conversion of both reactants at the stoichiometric ratio 
was low. This was also suggested by previous results reported in the literature indicating 
that, for many substrates, the amount of halogenating agent necessary for complete 
oxidation was larger than the theoretical requirement [52]. Moreover, during previous 
experiments performed at the stoichiometric ratio, a slight drop in reaction temperature 
was observed after approximately one third of the diacetone alcohol had been added. This 
was a clear indication that all haloform reactions had stopped, due to depletion of the 
halogenating agent. 
Thus it became necessary to determine the amoxmt of feed that would result in 
attaining maximum conversion. In this purpose we have performed a series of reactions 
between fixed volumes of bleach (250 ml) and volumes of diacetone alcohol varying 
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between 21 ml and 3.5 mi, at a constant temperature of 4 °C. This range corresponds to a 
NaOCI molar excess of zero to 200 %, respectively. The results, presented in Figure 9, 
show that Ti increases relatively linearly with the excess NaOCl to a maximum value of 
69 %. Additionally, it was observed that, for excess NaOCl of less than 75 %, no free 
chlorine evolved upon acidification of the reaction crude. These findings strongly suggest 
that: 
a) for 12 % bleach and at 4 °C, complete conversion of both reactants occurs when there 
exists an initial molar excess of NaOCl equal to 75 % of the stoichiometric ratio 
(NaOCl/DAA=5.25) or, conversely, when the amount of diacetone alcohol reacted equals 
approximately 57 % of the theoretical. 
b) at the same reactant ratio, t\=69 % and this value is the highest that can be attained at 
the given temperature and initial concentration of bleach. 
6.6. Species Concentration 
Information about the influence of species concentration over the magnitude of ti 
is essential for two reasons. Not only will it allow us to identify the conditions for 
maximizing the yield but also it will give us more insight into the mechanism and 
kinetics of the system, which eventually will be of crucial assistance in choosing and 
designing the reactor. 
As previously mentioned, this investigation is necessary because of the lack of 
kinetic data pertaining to the HMB synthesis, in particular, but also because of the 
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complex and sometimes conflicting information regarding the mechanism and kinetics of 
the haloform reaction, in general. 
Since in the literature all authors seem to agree on the fact that the haloform 
reaction is first order with respect to the substrate, regardless of its identity and for the 
entire concentration range, we also have assumed first order kinetics for diacetone 
alcohol. Therefore, in the ensuing studies we only will be concerned with the type and 
concentration of the bleach and with the concentration of the catalyst, the hydroxyl ion. 
6.6.1. Nature of the hypohaiite solution 
As it was stated in Chapter 4, haloform syntheses historically have been 
performed with all three types of hypohaiite solution: chlorine, bromine and iodine, 
respectively. In the case of the HMB synthesis, the only experimental and commercial 
results reported to the present are for sodium hypochlorite solutions. Thus, in principle, it 
is possible that hypobromite and hypoiodate solutions give higher HMB yields, should 
either of these two species be more reactive than hypochlorite. However, of the three 
halogenating agents, hypochlorite is by far the least expensive. Therefore, from the 
commercial standpoint, the use of NaOBr or NaOI solutions would most likely not be 
warranted. 
The other option considered was the use of calcium, as opposed to sodium, 
hypochlorite, since the maximum available chlorine content of the former, in the solid 
phase, is 65 % wt. Accordingly, the grounds for using Ca(0Cl)2, would be that, in theory. 
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it could result in a more concentrated HMB crude. However, the highest calcium 
hypochlorite concentration that can be attained in solution, at ambient temperatures, is of 
only 11 % wt. Hence the use of Ca(0Cl)2 solutions would not represent an improvement, 
as NaOCl concentration in solution can be as high as 17 % wt. In conclusion, NaOCl 
remains the only commercially-acceptable hypohalite oxidizer for this particular 
synthesis. 
6.6.2. Hypochlorite concentration 
To establish the effect of the hypohalite ion concentration on the HMB yield, a 
series of experiments was performed in which 250 ml volumes of bleach, of initial 
concentrations between 2 % and 12 % wt, were reacted at 4 °C with diacetone alcohol 
volumes corresponding to the stoichiometric NaOCl/DAA molar ratio. The results, 
presented in Figure 10, show that, at least for the concentration range under investigation, 
there is a linear dependence between r\ and the concentration of the hypohalite. From the 
kinetics point of view, the implication of this is that the formation of HMB is first-order 
in hypochlorite. The validity of this hypothesis easily be verified by substituting in (18) 
for r2: 
Rhmb= rrkAAirUu-1 kj[DAA][OH j+rj 
It is obvious that the only way Rhmb can increase with [OCl"] is for either r, or both r, 
and r3 to be first order in hypochlorite. Of course, from a strictly mathematical point of 
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Figure 10. HMB yield as a function of the initial concentration of hypochlorite 
50 
view, one could argue that other scenarios are possible, for instance, that ri could be 
second order and r3 first order in hypochlorite, and the net effect woiUd be the same. 
However, such an assumption would not be supported by any of the previous studies or 
kinetic theories, since there exists no mention of a haloform synthesis that is second order 
in the halogenating agent. Therefore, for the remainder of our investigation, we will 
consider both rj and r3 as being first order with respect to hypochlorite. 
6.6.3 Sodium hydroxide concentration 
The role of the hydroxyl ion in the outcome of our synthesis is important, since it 
serves as a catalyst in all five reactions. According to the mechanism and kinetics 
considerations presented in Chapters 4 and 5, both the rates of the haloform reactions and 
of the retro-aldol reaction are first order in 0H~. Therefore, it can be safely assimied that, 
for our reaction system, 0H~ concentration has no effect on the rate of HMB formation 
relative to the rates of the retro-aldol reaction and the acetic acid formation. The only 
question that arises is what is the effect of the hydroxyl ion on the rate of DHMB 
formation, since its mechanism is not fully understood and consequently no rate 
expression is available. If "a" is the exponent of 0H~ in the rate expression for DHMB, 
three situations are possible: 
\ )  a  =  I. In this case the OH concentration term will cancel out in the expression 
for RhmB' thus r\ will remain unaffected by the concentration of the hydroxyl 
ion 
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2) a > 1. T] will decrease as [OH~] increases 
3) a < 1. Ti will increase as [OH~] increases 
Experimentally, we have performed several reactions between bleach solutions of 
NaOH and volumes of diacetone alcohol corresponding to a NaOCl/DAA molar ratio of 
3.7 (23 % excess NaOCl), at 4 °C. As a precautionary measure, we first analyzed these 
bleach solutions of NaOH for available chlorine, and thus we established that no extra 
NaOCl was generated due to the addition of base. The analytical method, originating 
from Vertex Chemical Corporation [64], is described in Appendix D. 
The results, presented in Figure 11, show that r| increases vdth the initial NaOH 
concentration. Considering that t] is proportional to the initial NaOCl concentration, as it 
was demonstrated previously, one could infer that this increase is actually higher than it 
appears in the plot, since by adding NaOH to the bleach solution, the chlorine 
concentration of the latter drops to 11 % and 10 %, respectively, due to dilution. 
To understand what caused the observed increase we again have resorted to a 
comparison of the selectivities with respect to the by-products, acetate and DHMB: 
ShiA}u_ = 106 and = 6.9 (21) 
(^H/A )o .62 (^H/D )o.62 
where subscripts 14 and 0.62 refer to initizil NaOH concentrations of 14 % and 0.62 %, 
respectively. 
The two values obtained in (21) lead us to conclude that: 
a) as expected, a higher base concentration will not lead to a higher rate of HMB 
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Figure 11. HMB yield as a function of the NaOH initial concentration 
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formation relative to the formation of acetic acid, since reactions 1, 3, 4 and 5 are all first 
order with respect to the hydroxide. 
b) the net increase in the rate of HMB production is clearly due to a decrease in the rate of 
reaction 2, as selectivity with respect to DHMB is substantially higher at 14 % NaOH 
than at 0.62 % NaOH. 
c) accordingly, of the possible situations listed earlier, the third one applies, i.e., the 
reaction order with respect to 0H~ in the formation of DHMB must be less than one. 
6.7. Solvent Effects 
In general, the use of a solvent or of an inert (for gas-phase reactions) may be 
beneficial when: 
1. It would increase the rate of the main reaction or decrease the rate of one or several 
side reactions. 
2. The reaction system is highly exothermic and strict temperature control is essential to 
achieving the desired product distribution. 
3. Maintaining low concentrations of one of the reactants is needed to achieve high yields 
and/or selectivities. 
Ideally, such a solvent must fulfill two conditions: it must not be chemically or 
physically degraded by reactants, products and reaction conditions, and its recovery firom 
the product stream should not significantly add to the complexity of the down-stream 
separation steps. 
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One solvent that historically has been used in lab-scale HMB syntheses [19], as 
well as in other haloform reactions [15, 16, 19, 26], is dioxane. It is, however, not clear, 
from the reports published in literature, whether dioxane was used to enhance product 
yield, or merely to allow for better heat removal, as reactants were contacted in a batch 
mode. Therefore, except for an easier temperature control, it is impossible to assess the 
true effect of dioxane, since there are no published results to allow a comparison between 
HMB production with and without it. Moreover, while the use dioxane may or may not 
be desirable for lab-scale syntheses, it certainly is not the best option for commercial 
applications. Because of its capacity to form peroxides, the use of dioxane is highly 
regulated and it is unlikely that a manufacturer will consider it, unless it is proven to be 
unavoidable. 
As shown in Chapter 5, a potential way of increasing the net formation of HMB 
by decreasing the rate of a side reaction is suggested by [27], where it is reported that the 
decomposition rate of diacetone alcohol, at 25 °C, is reduced by a factor of up to 20 in 
alkaline solutions of water and selected aliphatic alcohols (methanol, ethylene glycol, 
glycerine). 
Unfortunately, all three materials are degraded in the presence of strong alkali 
and/or chlorine. Additionally, even if they were resistant to the oxidizing action of bleach, 
as they are soluble in water as well as in organic liquids, they would have to be recovered 
from both the aqueous and the organic phase resulting from the reaction. This most 
certainly would require one or two more separation steps, resulting in increased material 
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and operating costs. 
Finally, a logical candidate for a solvent in the synthesis of HMB appears to be 
chloroform. Compared to other potential solvents, chloroform has the following 
advantages: 
1. As a by-product of the haloform reaction, it does not need to be purchased 
2. It is not degraded by bleach. 
2. The product is practically insoluble in it. 
3. Since the reaction is carried out at relatively low temperatures, losses by evaporation 
are limited. 
4. It can easily be recovered from the product stream by decanting (for batch processes) 
or by distillation (for continuous processes). 
To study the effect of chloroform as a solvent, several reactions were performed 
in which 250 ml volumes of bleach were reacted with diacetone alcohol, (NaOCl/DAA=3 
and 5.25, respectively) diluted with chloroform (Vchci3=Vq^ and Vchci3='2Vdaa. 
respectively) at 14 °C. The results were disappointing, as r\ values for experiments in 
which chloroform was used were several percent lower than r[ values for corresponding 
experiments without chloroform. There may be two reasons for the observed decrease in 
yield: firstly, reactions between ionic species (including the haloform synthesis) are 
favored by polar solvents [65], and chloroform is a quite non-polar substance. Secondly, 
since the magnitude of T| is proportional to the NaOCl concentration, as it was previously 
shown, dilution of the reaction mass will result in a decrease of the yield. Consequently, 
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the use of chloroform as a solvent can no longer be considered as a viable option for the 
reaction step of this process. 
6.8. Salt Effects 
As presented in the previous chapter, both the haloform reaction and the retro-
aldol reaction are subject to significant salt effects. In particular, it has been shown that 
salts of monovalent ions, on one hand, reduce the rate of the retro-aldol reaction and on 
the other hand increase the rate of halogenation of the ketone Thus, one could only 
assume that, in the haloform synthesis of HMB, the addition of a monovalent salt would 
result in a yield increase. 
To verify this assumption we have performed a series of experiments in which 20 
g and 40 g NaCl, respectively, were dissolved in 250 ml volumes of bleach and these 
solutions were reacted with diacetone alcohol, at 4 °C. The results, presented in Table 4, 
are compared with those of similar experiments in which no sodium chloride was added. 
A significant increase in yield can be observed for all experiments in which NaCI was 
Table 4. Effect of the chloride ion on the HMB molar yield 
Nr. DAA, ml NaCl, g ti, % molar 
1 17 20 72 
2 17 20 71 
3 17 40 72 
4 17 40 72 
5 17 ~ 48 
6 18.5 20 60 
7 18.5 - 45 
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used. Also, it can be easily noted that there is little, if any, difference in the values of r| 
between experiments I, 2 and 3, 4, respectively, even though the amount of salt added 
differs by a factor of two. However, about half of the 40 g of salt added still remained 
undissolved after the reaction was completed, and this could constitute an explanation for 
our findings, since we are dealing with a homogeneous reaction. 
In light of the reaction rate considerations previously presented, the yield increase 
obtained in the presence of CP could be attributed to a lower rate of the retro-aldol 
reaction which will result in more hypochlorite available for the formation of HMB. To 
confirm this hypothesis we again have used relative selectivities for HMB/acetate and 
HMB/DHMB, respectively: 
= and = I (22) 
(Sh/A)S (SH/D)5 
where subscripts 2 and 5 refer to experiments 2 and 5, respectively, fi-om Table 4. Thus, 
while Sh/a has increased by 50 % in the presence of CP, has remained unchanged. It 
therefore appears clearly that the additional HMB obtained in the salt experiments was 
formed at the expense of acetic acid, due to a lower rate of formation of acetone. 
6.9. A Kinetic Model for the Haloform Oxidation of Diacetone Alcohol 
To check the soundness of some of the mechanism and kinetics considerations we 
have stated so far, we have created a kinetic model for our reaction system. In particular, 
we were looking for a validation of the proposed rate expressions for reactions 1 and 2. 
58 
Also, we were interested in obtaining an estimate of the rate coefficient for the formation 
of HMB. The use of such a model for estimating kj, in our case, is very useful because 
the highly exothermic nature of our system makes it impossible to collect accurate kinetic 
data by the usual methods relying on the batch mode of operation. 
The model is based on molar balance equations for DAA, HMB, DHMB, acetone, 
acetic acid, NaOCl and NaOH and experimental data (initial and final concentrations) 
collected for a reaction run performed at room temperature. Its results simulate the 
variation of species' concentration with time, in a semi-batch reactor. Three out of the 
five rate constants needed were taken from the literature (presented in Chapter 5) and the 
remaining two where chosen such that the results of the simulation matched the 
experimental ones. 
Throughout the construction and execution of this model, several conditions or 
assumptions were set, as follows; 
1. Perfect mixing is provided at all times. 
This assumption is well supported by the experimental conditions, that is, a very 
small stream of DAA flowing into a comparatively large volume of bleach, under 500 
rpm stirring. Consequently, it is asserted that only chemical reaction kinetics are 
controlling the final product distribution. 
2. The only inlet stream to the reactor (DAA feed) is continuous and constant, and there is 
no outlet stream. 
The discrepancy between this hypothesis and experimental conditions lies in the 
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fact that, during our reaction runs, DAA was added dropwise. However, to reduce the 
complexity of our differential equations, we have approximated the DAA input as a 
continuous flow. Its rate was calculated as the ratio between the total volimie of DAA 
added (21 ml) and the addition time (four hours). 
3. There are no material losses through evaporation or spillage. 
This postulation is important for the accuracy of the molar balances, and it is 
supported by the fact that all experiments have been performed in closed systems. 
Moreover, handling and measurement of liquids were executed with great care in order to 
minimize experimental error. 
4. The reaction is performed isothermally. 
Throughout our experiments, temperature was carefully monitored and deviations 
from the set values seldom exceeded ± 0.5 °C. Thus, isothermal operation appears to be a 
reasonable approximation. 
5. The total volume of the products is approximately equal to the volume of the reactants 
(ideal solution approximation). 
The difference between the measured volumes of the reactants and products, 
respectively, was only 1.1 %. Since we have previously established that there are no 
losses of reaction mass to the surroundings, this value is small enough to allow for the 
assumptions of constant density and ideal solution behavior. Consequently, it also can be 
inferred that liquid volume in the reactor increases linearly with time. 
6. The pH of the reaction mass is constant, that is, the net change of the 0H~ 
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concentration in the reactions is negligible. 
The legitimacy of this hypothesis is based on the fact that 0H~ serves only as a 
catalyst and it was confirmed by constant pH values of the reaction mass (pH=I2-13, 
depending on the initial NaOH concentration in bleach). 
7. Rate expressions for reactions 1 and 5 are first order with respect to DAA, 0C1~ and 
0H~. Reaction order for 0H~ in ri is less than 1. 
These dependencies, discussed in Chapters 4, 5 and 6, are based on both 
experimental results and on previously-published studies of the haloform reaction. 
Given the seven conditions and assxmiptions listed above, the molar balance 
around the reactor can be expressed as follows: 
Input=Accumulation+Reaction 
where: Qv=inlet volumetric flow rate, I/min 
Cj in=inlet concentration of species j, mole/1 
Nj=ntmiber of moles of species j 
j=I, 2,..., 7 number of species 
K=l, 2,.... 5 number of reactions 
t=time 
V=reaction volume 
rj K=rate of formation or disappearance of species j in reaction K, mole/(l-min) 
dN 
(23) 
61 
Since V is a linear function of time: 
V=Vo+Qvt (24) 
where Vq is the initial volume, 
the change in number of moles of species], in time, can be expressed as: 
dN, d d 
d dC, dC: 
= -(C^Vo + C.Q vt) = Vo + -^Qvt 4-
Substituting in (23) for (25) we obtain: 
QvC,.„ = Vo ^ + ^Qvt + C^Qv +(Vo +Qvt)2r.K = 
= (Vo +Qvt)(-^ + 2^rjK) + CjQv 
(25) 
(26) 
After dividing both sides by (Vg+Qyt) and rearranging the terms. Equations 26 become: 
QvCjin dCj C-Qy 
• + i + 
V o + Q y t  V o + Q y t  K  
and, finally: 
dC. C . . - C  
Sfj-K (27) 
J _ '^j.in 
- V (28) 
Equations 28 represent the generalized mathematical relationships between the 
concentration of species j and time, in the reactor. Before solving them we need to derive 
expressions for ^ Tj ^ • If we now recall the schematic description of the reaction system. 
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presented at the beginning of Chapter 6, 
HMB 
2 •DHMB 
-HAc 
where j=l forDAA 
j=2 for HMB 
j=3 for DHMB 
j=4 for Ac 
j=5 for HAc 
and, additionally, if we assign j=6 for NaOCl and j=7 for NaOH, ^ rj j- become: 
K 
S ^I.K ~ ~ '*1,2 ~ ^1,3 •*" ^"1.4 ~ ~ •*" ^40^07 (29) 
K 
^ "^2^ ~ ^2.1 ~ f30) 
K. 
Z'^3.K =^3.2 = k2C,C6C, (31) 
K 
Z^4.k =2(r4.3 -r^ J-r. j =2(k,C^C, -k,ClC^)-k,C,C,C, (32) 
K 
Z^S.K ~ *^5.5 ~ (33) 
iC 
Z ^6.K = -3r6, - 4r,,2 - 3r,.5 = -3k,C,C,C, - 4k,C,C,C°' - 3k,C,C,C, (34) 
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(35) 
K 
Before substituting in (28) for (29-35) we must specify and/or propose values for 
rate constants, initial/final conditions and operating parameters, as follows: 
Experimental data: 
N6/N|=3 (stoichiometric) 
C,,in=8.09 M 
^l,initial~ ^iinitiaI~-"~ ^5,initial~® 
^6,initial~^ ^ 
C7.initial~0-15 M 
C2.final~0-25 M 
Cs.final"^-^ M 
Vo=0.25 I 
Qv=8.75-10'^ 1/min 
t=240 min 
T=25 °C 
Proposed rate constants: 
ki=l P mole"^ min"' (proposed) 
•) *7 ! k2=0.l75 r mole*" min" (proposed) 
Already-published rate constants: 
k3=0.477 1 mole*' min*' [65] 
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k4=0.018 1^ mole"^ min'' [65] 
k5=5.262 P mole*^ min"' [62] 
Equations 28 now become: 
- C,C,C, - 0.175C,CsC°' -0.477C,C, + O.OlSCjC, (36) 
+ C,C,C, (37) 
+ 0.175C,C6C°' (38) 
+ 0.954C,C7 - 0.036CJC7 - 5.262C,CsC^ (39) 
+ 5.262C,C^C, (40) 
- 2C^C,C, - OJC.CgC?' - 15.786C,C5C7 (41) 
dC, 8.09-C, 
dt 2857.4+ t 
dC, -c. 
dt 2857.4 +1 
dC, 
-Cs 
dt 2857.4+ t 
dC, 
-C4 
dt 2857.4+ t 
dC,  
-C5 
dt 2857.4+ t 
dC, 
-Ca 
dt 2857.4 +1 
dC, -c. 
dt 2857.4+ t 
(42) 
The system of equations 36-42 was solved, for Cj=Cj(t), using a subroutine for 
differential equations in MATLAB. A plot of the concentration variations is presented in 
Figure 12 where the initial concentration of NaOCl, 2 M, cannot be seen because the 
upper limit of the y-axis has been set to 0.5 to allow for an adequate resolution of all 
lines. Generally it can be noted that the simulation reproduces fairly well the behavior of 
our complex reaction system. Upon examining the final results and the evolution of the 
concentration changes, the following remarks can be made: 
0.5 
0.45 
NaOCl 
Acetate (exp)=0.3fl M 
Acetate 0.29 M 
.2 0.25 exD=3im 0.25 M 
Acelon 
NaOJ 
D MB 
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Time, minutes 
Figure 12. Simulation results for a reaction run at 25 °C and C7 j„j,j„|=0.15 M 
o\ U\ 
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1. Because of the high overall rate of DAA consumption, C, is very low as long £is 
NaOCl is still present. For the same reason C4 is also very low, but it increases rapidly 
once NaOCl is depleted, since the only reaction remaining is the retro-aldol 
decomposition. 
2. Formation of HMB stops well before all of the DAA has been added, when 
becomes so small that r, < r3. 
3. HMB final concentration obtained in the simulation is identical to the experimental 
value. 
4. The final concentration of acetate obtained experimentally (0.38 M) is higher than 
predicted by the model (C5 {-,nai=0.29 M). Because of analytical difficulties in measuring 
acetate concentrations the model prediction may be more appropriate than the 
experimental value. 
To further test the validity of our model we have executed our simulation for three 
particular cases, involving the two most important species that determine the magnitude 
of the yield; OH and OCl . First, to study the role of 0H~ as a catalyst, we have reduced 
C7,initiai 0.15 M to 0.001 M. As expectcd, the results, shown in Figure 13, reflect a 
marked decrease in the overall rate of disappearance of DAA, since all reactions taking 
place are base-catalyzed. Also, only 30 % of the initial hypochlorite has been consumed, 
and ti=14 %. Next, we have increased C7 initial to 5 M, which is equivalent to addmg 50 g 
NaOH to the initial bleach solution. The results, shown in Figvire 14, are in qualitative 
accordance with previous experimental findings, as follows: 
NaOCl 
S 0.8 
H]=0.Q01 
100 150 
Time, minutes 
200 
Figure 13. Simulation results for a reaction rvin at 25 °C and C7 |„|,iai=0.001 M 
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Figure 14. Simulation results for a reaction run at 25 "C and CyiniOapS M 
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1. There is very little accumulation of DAA in the system, at all times, due to increased 
rates of all reactions. 
2. Sh/d has increased due to the difference in reaction order with respect to 0H~ between 
ri and T2. S^/a is unchanged, as 0H~ has no net effect on the product distribution between 
reactions I, 3 and 5. 
Finally, we have reduced Cg jnjtiai by two thirds, i. e., Cg initjai=0.67 M. The results, 
presented in Figure 15, illustrate the expected decrease of Sh/a as a result of a reduction in 
the ratio between r, and r3. This is because in the sequence DAA to acetone to acetic acid, 
the retro-aldol reaction is the rate-determining step. Therefore, as r3 is unaffected by the 
reduction in hypochlorite concentration, the relative rate of formation of acetate with 
respect to r] and rj will be higher. 
Overall, it can be asserted that the results of this simulation confirm, at least 
qualitatively, the hypotheses and the kinetic expressions proposed for our complex 
reaction system. Moreover, it provides estimates of the previously unknown rate 
constants involved in reactions 1 and 2. From a quantitative standpoint, while the model 
may underestimate the net rate of formation of acetic acid, it does predict the HMB final 
concentration quite well. Further refinements and more precise quantification may be 
obtained upon improving the acetate assay method and analyzing the final products for 
acetone and unreacted DAA. 
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Figure 15. Simulation results for a reaction run at 25 °C and M 
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6.10. Summary and Conclusions for Chapter 6 
The current chapter was dedicated to investigating opportunities for reaction yield 
enhancement, as the first and most important step in the direction of improving the HMB 
production process. 
The strategy adopted in this purpose consisted in studying the mechanism and 
kinetics of all five reactions taking place and identifying the operating conditions 
necessary to achieve high HMB yields. Once it was established that equilibrium 
considerations only play a small part in the outcome of the synthesis, the influence of 
several factors (temperature, reactant ratio, species concentration, solvent and salt 
effects), on the product distribution, was determined experimentally. The results of our 
experimental work can be simmiarized as follows: 
1. The reaction system is characterized by a strong exothermic effect. As 
temperature increases, Sh/a decreases while Sh/q remains unchanged, and this leads to a 
significant decline of r;. Consequently, heat removal and control are essential for this 
step. Reaction temperature must be maintained as low as possible and, in a non-
continuous mode of operation, reactant contacting must be performed slowly and 
gradually. 
2. As three haloform reactions take place simultaneously, an excess of 
hypochlorite is necessary to achieve complete oxidation of DAA. It was shown that, at a 
reaction temperature of 4 °C and for 12 % wt sodium hypochlorite solutions, maximum 
HMB yield is 69 % and it can be attained by using a 75 % NaOCl initial molar excess 
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(NaOCl/DAAi„jtia,=5.25). 
3. All three halofonn reactions are first order with respect to OCF, and t] is 
proportional to the initial hypochlorite concentration, at least for the range 2 %-4 % wt. 
All reactions are first order in 0H~ with the exception of r2, in which its exponent is less 
than one. Consequently, there is a significant increase of t] with C7 j„itiai which can be 
attributed to a higher ratio of r, to These findings suggest that, to maximize the yield, 
the bleach concentration in the reactor must be maintained as high as possible. 
4. The use of solvents does not seem to be a viable option for this operation. This 
is because, of all potential candidates, some compounds could be degraded by bleach 
(glycerine, ethylene glycol) and others (dioxane) would create regulatory problems. Also, 
experimental results indicate that the use of chloroform does not result in an increased 
HMB yield. 
6. The chloride ion has a strong, positive influence on the net rate of production of 
HMB. High yields can be obtained by reacting DAA with bleach solutions of NaCl. The 
limiting factor is the maximum solubility of NaCl at the given reaction temperature. 
Most of the findings listed above were confirmed by the kinetic model and the 
corresponding simulation of the reaction system. Moreover, this simulation allowed us to 
estimate the rate coefficient in the formation of HMB, k,=l P mole*^ min-1. With this 
final piece of information, one can proceed to choose and design the reactor. The main 
issue of concern in this respect is finding the configuration that will result in the optimum 
product distribution and not necessarily in the smallest volxmie or residence time 
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Depending on the mode of operation we can now suggest two types of reactors: 
1. If the entire process is to be operated in a discontinuous mode, a semi-batch 
reactor is clearly preferable to a batch reactor because it allows for an easier temperature 
control. Additionally, to maintain sub-ambient or sub-zero reaction temperatures, the unit 
should be equipped with internal cooling coils and/or cooling jacket, depending on the 
heat transfer characteristics of the coolant and the rate of addition of the reactant. Cooling 
to sub-zero temperatures will most likely lead to higher operating costs, but the gain in 
yield and, thus, material cost effectiveness will more than offset the losses. Intense 
mixing should be provided to allow for an adequate dispersion of the added reactant and 
to avoid the formation of "hot spots". 
Diacetone alcohol must be added to bleach, gradually, to avoid temperature 
excursions and to provide a chlorine-rich environment for the reaction. To obtain 
complete oxidation of DAA and maximum ti, the molar ratio NaOCl/DAA must exceed 
the stoichiometric requirement by a factor that depends on the bleach concentration. To 
further enhance the yield and selectivity, sodium chloride and/or sodium hydroxide 
should be dissolved in the bleach solution, prior to the reaction. As the solubility of NaCl 
and/or NaOH is proportional to temperature, one must carefully weigh the trade-off 
between operating at very low temperatures and using CP or 0H~ to increase t]. 
2. For continuous operation, a tubular reactor with side entry would be most 
suitable. Bleach should be fed axially and DAA laterally, through several ports spaced 
such that the reaction rate be increased towards the exit, where reactant concentrations are 
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low. This contacting pattern also would contribute to an easy temperature control and the 
creation of a chlorine-rich environment at all points along the reactor axis. Isothermal, 
low-temperature operation should be performed, and reaction heat could be removed by 
the means of a cooling jacket. Should reactor length be excessive, a multi-tubular heat 
exchanger configuration could be adopted. Additionally, if it still is necessary to reduce 
reactor size, isothermal operation could be replaced with a temperature progression, by 
reducing cooling towards the end of the reactor, where reaction rate is low. 
Overall, it has been shown that the reaction step of this process presents a great 
potential for improvement. Modifications in chemistry and in some operating parameters 
have been identified that could lead to significant increjises in reaction yield and 
selectivity. These will not only result in a higher material cost effectiveness but also will 
constitute a very effective way of reducing pollutants at the source. 
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CHAPTER 7. STATUS-QUO OF THE EXTRACTION OPERATION 
AND OPPORTUNITIES FOR IMPROVEMENT 
7.1. Analysis of the Current Extraction Operation 
Direct precipitation or crystallization of the product in its aqueous solution as it 
results from the reactor is extremely difficult [31], if not impossible [25]. Therefore, an 
intermediate separation step is necessary to concentrate HMB and separate it from its 
major contaminants, acetic acid and DHMB, prior to crystallization. Because of the high 
normal boiling point (275 °C, Appendix A) and relatively low concentration of the solute, 
separation by distillation would certainly not be economical. Under these circumstances, 
extraction appears to be an appropriate option. 
A simplified representation of the operation is shown in Figure 16. The highly 
basic aqueous solution (pH=12-14) resulting from the reaction is neutralized with HCl 
and its volume is reduced by evaporation to one third (2). The concentrated HMB crude 
(104-135 g/1, depending on reaction efficiency [25]) is then subjected to a double, cross­
current batch extraction process (3,4), using equal volimies of ethyl acetate, Sj = 82 = F 
(volimie of feed). In each vessel, pH is adjusted to 3.8-4 by adding concentrated HCl. At 
pH = 7, all of the product exists in its dissociated form, as a sodium salt. Addition of HCl 
is necessary to convert the product to undissociated (free acid) form, for it to be 
extractable in the organic phase. 80 % of the product is captured in the final (combined) 
extract, Ef, which is transferred to the solvent recovery unit (5) where ethyl acetate is 
Ethyl acetate 
HCl 
Water 
HMB crude, F 
(104-135 8/1^13.8 
E, (26-34 g/1) E, (57-74 g/1) 
(47-61 g/l) j 
Ef(42-54g/l) 
HMB 
conc. soln 
(to crystallization) 
T 
R, (21-28 g/l) 
waste 
o\ 
Figure 16. Schematic of the current extraction operation 
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distilled off and then returned to the mixers. The remaining product is lost in the final 
raffinate (Rf) which goes to waste. 
Due to the significant amount of product lost and large volumes of solvent used, 
this step is one of the least efficient of the entire process. As previously stated, two 
directions of improvement become apparent: the use of a continuous, counter-current 
extraction column and identification of solvents with superior extraction characteristics. 
Prior to investigating fiirther directions of improvement one must determine the 
influence of the operating pH value on HMB removal efficiency. First, when considering 
the dissociation equilibrium, it can be shown that there is a direct relationship between 
pH and the amount of product that can be extracted in the organic phase: 
According to (43), the lower the pH, the more HMB will exist as a fi-ee acid, 
consequently, more of it will be available for extraction. Additionally, the operating pH 
value must be chosen in connection to the acidity constant. Kg, taking into consideration 
the following: 
7.2. Influence of pH on the Extraction Efficiency 
hydrophylic hydrophobic 
HCl (excess H^) (43) 
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[H-][RCQO-] 
[RCOOH] (44) 
-lgK,=pK3=-Ig[H*]-Ig [RCOO-]_ . [RCOO-] [RCOOH] [RCOOH] (45) 
[RCOOH] 
[RCOO"] (46) 
pH = pK, => [RCOOH] = [RCOO-] (47) 
pH < pK, => [RCOOH] > [RCOO-] (48) 
From Equations 47 and 48 it is suggested that: 
- for at least half the amount of product to be available for extraction, pH must be equal to 
- for maximum amount of free-acid HMB, pH must be maintained at low values. 
Although both of the above hold true, it was shown experimentally that the HMB 
equilibrium concentration in the organic phase is not a linear function of pH (Figure 17). 
The experimental procedure is described in detail in Appendix B. The amount of HMB 
extracted increases steeply from pH = 6 to pH = 3 but from pH = 3 to pH = 1 it remains 
almost unchanged. Similar behavior can be observed for acetic acid and DHMB, although 
the slopes of the curves are different. The fact that extract concentrations do not entirely 
follow the trend suggested by (47) and (48) was not surprising, since in addition to acid-
base dissociation equilibria their values are a result of the differences in activity 
coefficients in the aqueous and organic phase [29]. 
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To understand the reasons for operating at pH = 3.8, it is useful to examine the 
plot in Figure 18. The three sets of points represent the HMB partition coefficient, 
expressed as: 
where m is the weight percent^e of acid, from the initial aqueovis phase, extracted in the 
organic phase, and extraction selectivities with respect to acetic acid and DHMB, given 
by 
KLnH S , = - ^ a n d S , = - ^  ( 5 0 )  
"^p.D 
and Kp A and Kp d are partition coefficients for acetic acid and DHMB, respectively. It 
appears very clearly that, at pH = 3.5-4, all three variables studied are close to their 
highest values. Therefore, this pH range was considered optimal from the point of view of 
recovery and purity of the product. 
7.3. Continuous, Counter-current Operation With Ethyl Acetate as Solvent 
Continuous, counter-current operation is generally sought when it is desired to 
achieve a high degree of product recovery with the least amount of solvent. In the case of 
the HMB manufacturing process, as previously mentioned, the use of an efficient 
extraction column could also eliminate the time- and energy-consuming volume 
reduction step following the reaction. 
Figure 18. HMB partition coefficient and selectivities at pH=l-6 
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Two operating parameters essential in the study of a counter-current extraction 
colunui are the number of theoretical stages (NTS) and the solvent-to-feed ratio (S/F) 
necessary to achieve the desired degree of product recovery. Also necessary is the 
equilibrium relationship that characterizes the two-phase liquid system. Since no 
published data are available, the partition coefficient for HMB in water/ethyl acetate was 
determined experimentally (Appendix B). The results clearly show that the equilibrium 
relationship is linear for the entire range of concentration and regression analysis yielded 
the value of the slope, corresponding to the HMB partition coefficient, equal to 1.2 
(Figure 19). This value was also confirmed indirectly, from material balance calculations 
provided by one of the manufacturers [25]. 
Once the equilibrium relationship is known, NTS and S/F can be determined in 
several ways. The graphical McCabe-Thiele-like method [28] was chosen because it 
allows for easier comparison of the changes ui column size and efficiency, relative to the 
operating parameters. The purpose of this representation (Figure 20) was to determine the 
minimum amount of solvent necessary for a 95 % recovery of the product, from an initial 
concentration Xq = 45 g/1 to a final concentration Xf = 2.5 g/1, in a simple (no reflux) 
continuous, counter-current column. The operating line is straight, which implies 
negligible ethyl acetate solubility in water. This is obviously not true (solubility of ethyl 
acetate in water at 15 °C is 8.5 % [12], water uptake 2.94 % [30]), but the approximation 
was considered acceptable as a simplification for the purposes of this study. It was shown 
that the minimum theoretical S/F which could be used is 0.8, but that would result in an 
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infinite number of stages, therefore it is not acceptable. Reasonable numbers of stages can 
be used for slightly higher solvent-to-feed ratios, but it appears clearly that a more 
significant reduction of the amount of solvent cannot be achieved as long as ethyl acetate 
is used, because of its relatively poor capacity to remove HMB from water. Therefore, to 
be able to operate such a column with less solvent than the batch extractors, ethyl acetate 
must be replaced with a compound that can provide a higher partition coefiBcient for the 
product. 
7.4. Selection of Solvents for Superior HMB Removal and Purification 
Solvent studies for the extraction and purification of carboxylic acids from 
aqueous solution, in the past two decades, have been numerous and comprehensive [29-
38]. Partition coefficients, selectivities and mass transfer coefficients are available for a 
large number of mono- and di-carboxylic acids, in organic/aqueous systems [30-32, 37-
39]. Algorithms for estimating the distribution between water and various organic 
solvents, as a flmction of pH and pK,, are given for several carboxylic and phenolic 
compounds [29, 33, 36, 39-41]. However, no data are available on the multicoraponent 
equilibrium distribution of HMB, acetic acid and DHMB in solvents other than ethyl 
acetate. Moreover, in the absence of a quantification method and the acidity constant for 
the DHMB, it is impossible to estimate partition or selectivity Therefore solvent 
screening and selection has to be done experimentally. 
Because of the relatively high polarity of the product and its impurities, simple 
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physical extraction with inert solvents (e. g., alkanes, alkenes) will give partition 
coefficients that are two to three orders of magnitude smaller than those for polar solvents 
[31], and consequently was not taken into consideration. For an efficient removal of weak 
organic acids from aqueous solutions, three categories of solvents are recommended [31 -
33, 36]: 
7.4.1. Carbon-bonded oxygen-bearing extractants 
In this category, the most important classes of compounds are alcohols, ketones, 
ethers and esters. Their superior extractive characteristics are due to strong hydrogen 
bonding between the electropositive hydrogen of the diluent and the carbcnyl oxygen of 
the acid [31,32]. Low-molecular weight solvents display the highest partition coefficients 
but they also are the most water-soluble and, in the case of alcohols, react with the solute 
[36]. For the purpose of our study, the following compounds were tested: methyl-t-butyl 
ether (MTBE), methyl-ethyl ketone (MEK), hexanol and methyl-isobutyl ketone (MIBK). 
Although it is structurally different from these, chloroform was also included in the 
screening because the chemistry of the partition is similar and because the prospect of 
recycling/reusing it as a mass separating agent seems attractive. The experimental 
procedure is the same for all three categories of solvents and is identical to the one 
employed in the study of the removal efficiency dependence on pH (Appendix B). 
As expected, MEK and hexanol displayed the highest partition coefficients 
(Figures 21 and 22) and selectivities. Chloroform gave the poorest distribution of all 
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Figure 22. Partition coefficients for HMB, acetic acid and DHMB at pH = 1-6 in hexanol 
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solvents tested and therefore does not seem to warrant commercial application as an 
extraction solvent for this process (Figure 23). The results for all compounds are 
presented in Table 5, where the best performance is shown according to three criteria: 
HMB partition coefficient, selectivity with respect to acetic acid and selectivity with 
respect to DHMB. For example, MTBE gives the highest Kp H (equal to 1.3) at pH = 1, 
but the highest Sj (7.4) is obtained at pH = 4, where KpH = 0.7. In many cases, values 
listed for a particular compound represent an optimal combination of the three criteria 
rather than the absolute maximum in one of them, because the highest Kp ^ values were 
obtained along with unacceptably low selectivities. 
7.4.2. Solutions of high - molecular weight aliphatic amines 
High-molecular weight amines have often been used in the extraction of metals 
and in the treatment of nuclear fuels, but their application as extractants for carboxylic 
acids and other organic compounds is relatively recent [33]. Extensive research has been 
Table 5. Estimate of the best partition coefficients and selectivities obtained with pure 
organic solvents 
Best Kp.H Best S, Best Si 
Solvent s. Sd pH s. Sd pH Sd s. pH 
Ethyl acet. 1.2 3.3 2.3 1.0 3.3 2.3 1.2 2.0 8.0 2.6 0.7 4.0 
MTBE 1.3 4.8 2.5 1.0 4.7 2.7 1.3 2.0 7.4 3.4 0.7 4.0 
MEK 3.0 4.5 3.0 1.0 4.5 3.0 3.0 1.0 2.5 3.5 2.3 2.0 
Hexanol 2.7 6.3 3.3 2.0 6.6 6.0 2.6 3.0 11.5 4.0 1.3 4.0 
Chlorof. 0.2 3.8 1.9 1.0 4.0 2.4 0.1 5.0 2.4 4.0 O.l 5.0 
MIBK 1.0 5.0 2.3 1.0 5.0 2.3 1.0 1.0 3.7 3.7 0.9 3.0 
q 
X 
ut 
0.250 
0.225 
0.200 
0.175 
0.150 
0.125 
0.100 
0.075 
0.050 
0.025 
0.000 
3 
pH 
p,D 
Chloroform 
Figure 23. Partition coefficients for HMB, acetic acid and DHMB at pH = 1-6 in chloroform 
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conducted, especially in the past twenty years, to assess their use in the removal of 
conmiercially-important compounds such as acetic acid [32, 37, 42], penicillin [37, 45], 
citric acid [31, 35, 38, 44, 46] and salicylic acid [36, 47-50,] from aqueous solutions or 
fermentation broths. Recovery by these amines is most often termed as "reactive 
extraction" or "extraction by ion-pair formation" since the solute is captured through an 
acid-base neutralization mechanism [35]: 
+ HC00R2(3,, <^[(R,),NH,] + (C00R2)-^, (51) 
for secondary amines, and 
(R,)3N,<,^, + HC00R,,3,, «^[(R,)3NH]*(C00R,)-^, (52) 
for tertiary amines 
Their acid-binding capacity and whether a certain amine is suitable for a given 
process largely depends on the structure of the amine and of the solute, and on the nature 
of the extraction process. However, the following general comments can be made: 
1) Primary and secondary amines have higher partition coefificients for certain acids (e. 
g., acetic acid) than tertiary amines. However their solubility in water is also higher 
[32,37,38], which makes them less attractive from an economical point of view, suice 
they are quite expensive. 
2) The acid-binding capacity of tertiary amines seems to improve as the length of the 
carbon chain increases, but the optimum range is eight to ten atoms in the three alkyl 
chains [37, 38]. 
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3) Organic diluents must be used to allow for viscosity and density control [32, 37] and to 
improve the solvation of the ion-pair complex by increasing the basicity of the amine. 
Higher partition coefficients are obtained for polar (alcohols, ketones, esters), low-
molecular weight diluents [31,37]. 
4) Estimating of the amount of amine required to extract an acid of a particular 
concentration, based on reaction stoichiometry, is not always useful because in some 
cases the amines can take up acid in excess [31, 37]. Consequently, accurate results can 
only be obtained experimentally. 
5) Partition coefficients decrease with increasing numbers of carboxylic groups [31] and 
with the concentration of the acid, for a given amine concentration [32]. 
6) The amount of acid extracted increases with the amine concentration up to a point, but 
as a certain level is exceeded, the trend is reversed. This behavior was explained based on 
a dependence between the activity coefficient of the ion-pair complex and the amine 
concentration [32]. 
For the purposes of this work, one secondary amine-Adogen 283 (di-tridecyl-
amine)-and three tertiary amines-Adogen 381 (tri-isooctyl-amine), Alamine 304-1 (tri-
lauryl-amine) and Alamine 336 (tri-caprylyl-amine)-were tested. MEK, MIBK, ethyl 
acetate, chloroform, hexanol and kerosene were used as diluents. The range of amine 
concentration studied was 2.5 %-50 % (volume), but most experiments were carried out 
for 10 % or 30 % ml amine/ml solvent. The resxilts, presented in Table 6, are generally in 
agreement with the patterns described above. Solutions of tertiary amines yielded 
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Table 6. Estimate of the best partition coefficients and seiectivities obtained with 
solutions of fatty amines 
Best Kp H Bests, Best Sd 
Solvent Kp,H s. Sd pH S. Sd KO,H pH Sd s. Kp,H pH 
283&KER' 0.3 2.5 1.4 4.0 2.5 1.5 0.2 1.0 1.5 2.5 0.2 1.0 
283&MEK^ 2.1 3.3 7.9 1.0 3.2 11.6 1.9 3.0 18.8 2.6 1.1 4.0 
283&CLO^ 0.5 5.2 2.9 4.0 12.0 2.5 0.4 5.0 2.9 5.2 0.5 4.0 
304&CLO"' 0.3 8.3 2.4 4.0 22.0 2.2 0.2 5.0 2.7 2.7 0.3 1.0 
304&ETA^ 2.0 5.0 2.4 1.0 5.0 2.4 2.0 1.0 3.2 4.8 1.8 3.0 
304&MEK' 2.9 8.1 2.9 2.0 9.0 4.2 2.5 3.0 4.9 4-0 1.2 4.0 
304&HEX^ 2.5 4.4 3.0 1.0 5.4 3.6 2.3 2.0 8.9 3.0 0.9 4.0 
336&CLO® 0.5 4.5 2.4 4.0 15.5 2.2 0.3 5.0 2.4 4.5 0.5 4.0 
336&ETA' 2.6 1.2 2.6 1.0 6.0 3.3 2.2 3.0 3.3 6.0 2.2 3.0 
336&MEK"' 3.4 7.8 2.7 1.0 7.3 4.2 3.0 3.0 4.6 6.6 1.8 4.0 
336&MIB" 1.9 5.6 2.6 1.0 5.6 2.6 1.9 1.0 2.8 3.6 1.3 3.0 
381&CLO'- 0.5 4.5 2.5 4.0 4.5 2.5 0.5 4.0 2.5 4.5 0.5 4.0 
381&MEK" 4.0 4.2 2.7 2.0 4.2 2.7 4.0 2.0 3.0 4.0 3.6 3.0 
381&MEK"' 3.6 5.3 4.0 2.0 5.3 4.0 3.6 2.0 4.7 4.0 0.6 4.0 
381&MIB'^ 3.2 5.0 2.5 1.0 5.4 2.4 3.0 2.0 2.5 5.0 3.2 1.0 
381 HEX'® 2.6 5.7 2.7 1.0 5.0 5.4 2.0 3.0 5.4 5.0 2.0 3.0 
' Adogen 283, 10 % in kerosene 
"Adogen 283, 10 % in MEK 
^Adogen 283, 10 % in chloroform 
"^Alamine 304, 10 % in chloroform 
^Alamine 304, 10 % in ethyl acetate 
^Adogen 304. 10 % in MEK 
^Adogen 304, 10 % in hexanol 
^Alamine 336, 10 % in chloroform 
'Alamine 336, 10 % in ethyl acetate 
'"Alamine 336, 10 % in MEK 
"Alamine 336, 10 % in MIBK 
'^Adogen 381, 10 % in chloroform 
'^Adogen 381, 30 % in MEK 
'Vdogen 381,10 % in MEK 
'^Adogen 381, 30 % in MIBK 
'^Adogen 381, 10 % in hexanol 
partition coefficients significantly higher than corresponding solutions of Adogen 283 
(Figure 24) and also higher seiectivities, which confirms previous findings showing that 
secondary amines extract acetic acid better than tertiary amines. 
Increasing the amine concentration, in general, did not result in significantly 
higher distribution, which suggests that large amoimts of amines are not necessarily 
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Figure 24. Comparison between HMB partition coefficients obtained with a solution of secondary amine 
and a solution of tertiary amine 
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required to achieve high partition coefficients (Figure 25). However, the change in 
distribution as a result of a change in amine concentration varies depending on both the 
amine and solvent. Therefore the optimal amine concentration must be determined 
experimentally for each system. 
The effect of the diluent was as expected, as partition increased with polarity 
(Figure 26). The poor extractive capacity of systems containing chloroform constituted 
somewhat of a surprise considering previous studies that reported partition coefficients 
for acetic acid as high as 7.79 and 9.68, for Adogen 381 and Alamine 336, respectively, 
and as high as 32.11 for Adogen 283-D [37]. One possible explanation for this 
discrepancy could lie in the difference between solute concentrations in the feed (0.04 % 
wt in the literature data, as opposed to approximately 1.5 % wt in our experiments). 
Finally, the dependence between the amount of acid extracted and pH was 
identical to that observed for the pure solvents, as higher extract concentrations were 
obtained at low pH values. The only deviation from this behavior was displayed by 
chloroform mixtures, with the maximum removal being achieved at pH 3-4 (Figure 27). 
No satisfactory explanation for this has yet been found. 
7.4.3. Solutions of organo-phosphorous compounds 
Extraction with organo-phosphorous compounds has the same application and 
occurs by the same type of mechanism of ion-pair formation as long-chain aliphatic 
amines. Comprehensive theoretical treatments of the extraction chemistry and 
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equilibrium data for various systems are available from several sources [31-33, 35, 37, 
42-44]. For this work, extraction with 10 % or 30 % (vol.) solutions of tri-octyl-
phosphine oxide (TOPO) and tri-butyl phosphate (TBP) in MEK, hexanol and chloroform 
was investigated. The results are summarized in Table 7. All solutions yielded high HMB 
partition coefficients combined with remarkably high selectivities, uicluding the mixture 
of TOPO and chloroform which gave significantly better distribution than corresponding 
amine solutions (Figure 28). Just as in the case of temary amines, it was observed that the 
magnitude of the partition coefficient depends much more on the type of diluent used 
than on the type of extractant. Another similarity with the behavior of the amine solutions 
can be found when analyzing the hexanol mixtures. It appears that the partition 
coefficients for HMB are just as high for pure hexanol as they are for hexanoi-diluted 
organic bases, which suggests that the use of the latter is not warranted. 
Table 7. Estimate of the best partition coefficients and selectivities obtained with 
solutions of organo-phosphorous compounds 
BestKpH Best S, BestSd 
Solvent Kp.H s. s, pH s. Sd K,,h pH Sd s. pH 
"TBP/MEK 4.0 7.4 2.8 1.0 7.4 2.8 4.0 1.0 9.0 5.2 2.1 4.0 
^PIHEX 2.8 5.3 2.8 1.0 6.6 5.7 2.6 3.0 11.9 5.2 1.2 4.0 
'TBP2HEX 2.7 6.6 3.2 1.0 7.0 7.0 2.4 3.0 27.0 4.8 1.3 4.0 
'topo/mek 3.8 10.7 5.4 3.0 10.7 5.4 3.8 3.0 10.4 5.4 2.4 4.0 
'topo/clo 1.9 5.2 3.5 2.0 5.7 6.8 1.7 3.0 8.4 5.0 1.0 4.0 
'TBP, 30 % in MEK 
^TBP, 10 % in hexanol 
^TBP, 30 % in hexanol 
''TOPO, 10 % in MEK 
^TOPO, 30 % in chloroform 
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Figure 28. Partition coefficients for HMB, acetic acid and DHMB for solutions of TOPO (30 % vol. in chloroform) 
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7.5. Extraction-Summary and Conclusions 
In this chapter we have studied the current extraction operation and we have 
sought technological and chemical alternatives to improve it. Our goal was to find ways 
to reduce overall material and operating costs, by: 
-enhancing product recovery 
-reducing solvent consumption and losses 
-eliminating the evaporation step that follows the reaction 
To achieve our goal we have considered two courses of action: adopting a 
counter-current mode of operation and finding solvents with better extraction 
characteristics than ethyl acetate. By using both experimental and theoretical tools, we 
have clearly established the limitations of ethyl acetate, stemming fi-om its poor capacity 
to extract HMB. We then studied the HMB liquid-liquid equilibria for water and 
numerous organic solvents, and we found several solvents with remarkable partition 
coefficients and selectivities with respect to acetate and DHMB. 
As a method of identifying the best process alternatives, we have synthesized and 
compared specific performance data for several cases, combining different solvents and 
modes of operation. The results discussed below are presented in Table 8, where the 
symbols PI through P7 designate the following systems: 
Pl=current technology (batch, double, cross-current, ethyl acetate with KpH=I.2) 
P2=continuous, counter-current column, ethyl acetate with Kp^l.2 
P3=batch, simple, cross-current, MEK or other solvent with Kp h=4 
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Table 8. Performance data for various extraction systems 
PI P2 P3 P4 P5 P6 P7 
Product recovery, % of initial 80 95 80 80 96 95 95 
Solvent consumption, % of current 100 150 50 150 300 50 17 
Water evaporation step YES NO YES NO NO NO YES 
P4=batch, simple, cross-current, MEK or other solvent with Kp h=4 
P5=batch, double, cross-current, MEK or other solvent with Kp 
P6=P7= continuous, counter-current column, MEK or other solvent with Kp h=4 
By only changing the mode of operation and using ethyl acetate (P2), an increase 
in product recovery of approximately 15 % could be achieved. However, in the absence 
of the water evaporation step, solvent consumption would be 50 % higher than at present. 
Conversely, by retaining the batch mode of operation and changing the solvent, product 
recovery could be as high as 95 % and purity would also increase, but solvent 
consumption would go up by a factor of three (P5). With a one-step MEK batch 
extraction (P3) with evaporation, solvent usage would be reduced to a half, but there 
would be no improvement in product recovery. In the same configuration, evaporation 
could be eliminated, but 50% more solvent would be needed (P4). Finally, by operating a 
counter-current column with MEK, product recovery would increase by 15 % and solvent 
consumption would be reduced to 50 % (without evaporation) or 17 % (with 
evaporation). 
In conclusion it can be asserted that to eliminate all the pitfalls associated with 
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this operation, changes in equipment, chemistry and mode of operation are necessary. 
Continuous counter-current operation in a column with MEK or a reactive extractant 
could lead to a dramatic reduction in material and operating costs. Further improvement 
in efficiency may be achieved by addressing the following issues: 
a) Solubility of the solvent/diluent in the raffinate. This is an important aspect, 
since solvent losses during extraction occur mostly through dissolution in the raffinate. 
The solubilities of tertiary amines, TOPO and TBP in water are negligible, with levels of 
less than 10 ppm [32, 37]. However, MEK dissolves in water at 20 °C in a ratio of 27 % 
[51]. Fortunately, MEK volatility is also very high, and it can therefore be easily 
recovered from water by distillation. 
b) Solvent recovery from the extract. If a pure compound (e. g., MEK or hexanol) 
is used, recovery can be done by distillation. If the solvent is an organic solution of an 
amine or organo-phosphorous compound, azeotropic distillation or product stripping 
(back-extraction of HMB in a basic aqueous solution) can be performed, depending on 
both the nature of the extractant and of the diluent. 
c) Minimum amine content. As previously shown, most reactive extraction 
experiments in this work were performed with amine concentrations of 10 % to 30 %. 
However, it is certain that due to the low solute concentration in the feed and also due to 
the "acid overloading" effect characteristic to these amines, much smaller amine 
concentrations should be sufficient for maximum product recovery. Therefore, additional 
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experiments must be carried out to establish the minimum amine content of a particular 
solvent. 
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 
The purpose of this work was to devise an optimum chemical process philosophy 
for the manufacture of p-hydroxy-p-methyl-butyric acid, based on the current sodium 
hypochlorite/diacetone alcohol technology. Process analysis and development have led to 
a series of conclusions and recommendations, presented below. 
8.1. General Conclusions 
In summary, our work has identified the ways by which the cunent HMB 
manufacturing process could become more cost-effective and more acceptable from an 
envirormiental standpoint. Thus, we have shown that the overall efiBciency and viability 
of this process can be significantly increased by a effecting several changes in chemistry 
and equipment, aimed at 
-enhancing reaction yield and selectivity. 
-increasing extraction efficiency by maximizing product recovery and purity and 
minimizing solvent usage and losses. 
-reducing operating costs by eliminating the volume reduction step preceding extraction 
and redesigning the entire process for continuous operation. 
-minimizing the generation of waste (chloroform) and reducing pollution by reducing the 
amount of by-products (acetic acid, DHMB) formed at the source and by reusing 
chloroform within the process. 
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8.2. Specific Conclusions 
Analysis of the reaction step has led to the following findings: 
1. The reaction system comprises five base-catalyzed reactions: formation of HMB, 
DHMB and acetic acid (haloform reactions), the retro-aldol reaction and the aldol 
condensation of acetone. 
2. The high negative values of the Gibbs fi-ee energy for the three haloform reactions, 
estimated by group contribution methods, suggest that none of them is equilibrium-
limited. 
3. The HMB yield, q, decreases with increasing temperature (fi-om 43 % at 4 °C to 36 % 
at 23 °C), due to the fact that activation energy is higher for the retro-aldol reaction than 
for HMB formation. 
4. Complete haloform oxidation of DAA is achieved when using an initial excess of 
NaOCl equal to 75 % of the stoichiometric requirement, i. e., when NaOCl/DAA=5.25 
(molar). At 4 °C and 12 % wt initial hypochlorite concentration, r; increases steadily from 
43 % (NaOCiyDAA=3) to 69 % (NaOCI/DAA=5.25). 
5. For the range 2 % to 12 % wt available chlorine, t) is proportional to the initial 
concentration of bleach. This strongly suggests that HMB formation is first-order in 
hypochlorite. 
6. High initial concentrations of base result in a yield increase. Thus, at 4 °C and 
NaOCl/DAA=3.7, t] increases firom 48 % ([NaOH]=0.62 % wt) to 61 % ([NaOH]=14 % 
wt). A comparison of product distribution for the two initial base concentration suggests 
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that this increase can be attributed to a higher rate of formation of HMB, relative to the 
rate of DHMB formation. Consequently, knowing that reactions 1, 3, 4 and 5 are first 
order with respect to the hydroxyl ion, it follows that the corresponding reaction order in 
reaction 2 (DHMB formation) is less than one. 
7. The use of chloroform as a diluent for DAA is not recommended. Experimental results 
obtained by reacting chloroform solutions of diacetone show a yield decrease compared 
to similar results produced without dilution. 
8. The presence of the chloride ion in large concentrations is conducive to achieving a 
higher net rate of production of HMB. Thus, it was found that, at 4 "C and 
NaOCl/DAA=3.7, r\=12 % in the presence of 6 % wt NaCl (initial concentration) 
compared to 48 %, for the same reactant ratio and zero initial NaCl concentration. 
Analysis of the relative selectivities, along with previously-published research indicate 
that this is due to a decrease in the rate of the retro-aldol reaction which in tum leads to a 
decrease in the net rate of acetate formation. 
9. Based on previous findings and our experimental data, we have proposed a kinetic 
model and devised a corresponding simulation that reproduces the evolution of the 
species' concentration with time, in a semi-batch reactor mode. The results of this 
simulation confirmed the hypotheses set forth in this work, regarding reaction kinetics, 
and agreed reasonably well with the experimental results. In particular, it was estimated 
that the reaction order with respect to the hydroxyl ion, in the formation of DHMB, is 0.9. 
This model has also allowed us to estimate rate constants for the formation of HMB (k|=l 
108 
P mole'^ min"') and DHMB (k2=0.I75 P mole*^ min"') at room temperature. 
As a consequence of the above-listed findings, the following recommendations 
can be made: 
1. Reaction must be performed at low temperatures (sub-ambient) and heat removal is 
essential. Therefore, continuous cooling must be provided. 
2. The molar ratio of the reactants must be higher than the stoichiometric requirement 
(NaOCl/DAA=3) for complete oxidation of the substrate. Accordingly, the minimum 
value of this ratio will depend on the initial concentration of bleach and must be 
determined experimentally. 
3. Bleach solutions of highest concentration (17 % wt) must be used to attain maximum 
yield. 
4. To improve product distribution, NaCl and/or NaOH can be dissolved in the 
hypochlorite prior to reaction. The amount added will depend on reaction temperature 
and the bleach concentration. 
5. For discontinuous operation, a semi-batch reactor remains the best option. Diacetone 
alcohol must be added slowly to bleach, and the feed rate must be coordinated with the 
cooling rate and the mixing rate such that temperature excursions be avoided. 
6. For continuous operation, a tubular reactor in which bleach is introduced axially and 
DAA is fed laterally is recommended. If the reactor is operated at very low temperatures 
and its length becomes excessive, a multi-tubular, heat exchanger configuration is 
suggested. Additionally, for the same purpose, isothermal operation may be replaced with 
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a temperature progression. 
Upon investigating the extraction operation, we have come to the following 
conclusions: 
1. The reduced HMB recovery (80 %) and high solvent consumption (24 1 ethyl 
acetate/kg HMB extracted) characteristic to the current technology are due to both the 
poor extractive capacity of ethyl acetate and the physical limitations of the batch mode of 
operation. The highest HMB partition coefficient for ethyl acetate at room temperature is 
1.2. For this value and in the absence of the water evaporation step, continuous counter-
current operation in a column would result in a 95 % product recovery, but solvent 
consumption would increase by 50 %. 
2. Substantial increases of both the partition coefficient (up to 300 %) and selectivity (up 
to 200 %) can be achieved by using carbon-bonded, oxygen-bearing extractants, for 
instance, methyl-ethyl ketone (MEK) or hexanol, or reactive extractants such as organic 
solutions of long-chain, tertiary amines or selected organo-phosphorous compounds such 
as tri-butyl phosphate (TBP) or tri-octyl phosphine oxide (TOPO). Additionally, 
chloroform can be used successfully as a diluent for TOPO, as such solutions give 
excellent partition coefficients and selectivities. This could result in dramatic material 
cost reductions for the entire operation. 
3. By using one of the above-mentioned solvents and changing the mode of operation to 
continuous counter-current, product recovery would exceed 95 %, solvent consumption 
would be reduced by a half and the evaporation step could be eliminated 
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4. In the case of reactive extractants, further research is needed to address issues such as 
solubility of the solvent in the raffinate and solvent recovery from the extract Since long-
chain amines and organo-phosphorous compounds are quite expensive, it becomes clear 
that these issues are very important. 
8.3. Recommended Process Scenarios 
Throughout this work we have demonstrated that there is a substantial potential 
for improvement of the current HMB manufacturing process. Based on our findings and 
perhaps with little additional research on a few specific aspects, such as the optimal 
correlation between reaction temperature and the amount of NaCl dissolved, minimum 
excess of bleach and solvent recovery for solutions of fatty amines, numerous improved 
processes can be designed. As a result, choosing a particular technological scheme will 
depend on factors such as market demand, capacity scale, equipment availability and 
capital investment decisions. 
Consequently we will not attempt here to describe or enumerate all process 
scenarios that can be developed, bur rather we will focus on three specific examples. We 
have chosen these examples to illustrate the extent of the improvement that can be 
achieved and the degree of engineering effort necessary for implementing a new or 
revised technology. Thus, we will start with process scenario I (Figure 29) which 
involves relatively little change compared to the original flowsheet (shown in Figure 3). 
Bleach (12 % wt) and DAA are reacted in a semi-batch reactor (1) provided with cooling 
DAA HCI ] if i25 [ MEK 
NaOCl Qrlli 
-0-' 
-2H 
i i 
Chloroform Water 
(to disposal) 
Raffinate a 
• T 
HMB conc. sol'n. MEK-free raffinate 
(to crystallization) (waste) 
Figure 29. Flowsheet for process scenario 1 
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from a jacket and/or internal coils. A 75 % excess of NaOCl is provided, and ii is 
predicted to be 69 %. The water evaporation step (2) occurs in the same vessel after 
chloroform has been decanted. A single extraction of the aqueous solution is performed in 
a stirred tank (3), with MEK as a solvent. MEK is recovered from the extract and the 
rafifinate by distillation (4 and 5, respectively), and the concentrated MEK solution of 
HMB is sent to crystallization. 
This scenario provides the following advantages: 
1. Low capital costs. Only one additional piece of equipment is needed (to recover MEK 
from the raffinate). 
2. Overall yield for reaction and extraction goes up by 38 % (from 0.4 mole HMB/mole 
DAA to 0.55 mole HMB/mole DAA). 
3. Material costs for reaction are reduced by 15 %. 
4. Solvent usage drops by 50 % and losses are cut significantly due to MEK recovery 
from the raffmate. 
However, the following disadvantages are apparent: 
1. Batch mode of operation is maintained. 
2. The water evaporation step is not eliminated. 
3. Chloroform disposal costs remain unchanged. 
Process scenario 2 (Figure 30) involves a complete change in mode of operation 
and equipment. Sodium chloride is dissolved in the bleach solution, in a stirred tanlf (1), 
and the resulting solution is fed to a multi-tubular reactor (2), where DAA is introduced 
NaCl 
NaOCl 
DAA 
T-progression 
Figure 30. Flowsheet for process scenario 2 
MEK 
T Raffinate 
MEK 
HMB sol'n. MEK-free 
(disposal) (to crystalliz.) raffinate 
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axially. Temperature is maintained sub-ambient (0 °C-5 °C) by external cooling. Setting 
NaOCl/DAA=3.7 should result in x\=ll %. Reaction products are fed to a distillation 
column (3) where chloroform is separated at the top and the pH is adjusted to 2. HMB is 
extracted in a counter-current column with MEK (4) and the solvent is recovered from 
both the extract and the raffinate (in 5 and 6, respectively). 
Advantages: 
1. Overall product recovery (for reaction and extraction) increases by 70 %, from 0.4 
mole HMB/mole DAA to 0.68 mole HMB/mole DAA). 
2. Solvent usage is reduced by a half and losses are negligible. 
3. Material costs incurred during reaction are reduced by approximately 24 %. 
4. Water evaporation step is eliminated. 
5. Operating costs are reduced and productivity is increased substantially. 
Disadvantages: 
1. High capital costs needed to support acquisition of new equipment. 
2. Chloroform problem remains unchanged. 
Finally, process scenario 3 (Figure 31) is similar to 2 with one notable difference: 
the use of a TOPO/chci3 mixture as a solvent. In this case, solvent recovery from the 
extract could be done by back-extraction with a stripping agent (basic or saline aqueous 
solution, 6). From the raffinate, chloroform can easily be removed by distillation and 
collected in a "make-up" storage tank (3). In addition to the previous case, scenario 3 
presents an opportunity for chloroform to be reused within the process and, therefore, its 
NaOCl 
NaCl 
Make-up CHCl 
DAA 
T-progression HCl 
fn 
CHCl, 
Stripping 
agent 
HS)-^ 
Excess CHCI3 Raffinate 
(to disposal) 
T 
Extract .. Solvent-free raffinate 
HMB conc, sol'n. 
Figure 31. Flowsheet for process scenario 3 
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disposal costs will be reduced. However, as an added disadvantage, further research needs 
to be done in order to design the back-extraction step. 
As a last remark, we must point out that the estimates of the gains in product 
recovery and cost-effectiveness that we have provided are very conservative, since they 
were obtained for 12 % wt bleach solutions. 17 % wt bleach solutions are readily-
available commercially and their use in the reaction would likely result in a higher HMB 
yield. 
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APPENDIX A. PROPERTY ESTIMATION 
Al. Property Estimation Algorithms [14] 
Al.l. Heat of combustion (Method of Cardozo) 
AH°c(/) =-196.98-610.13N (1) 
where AH°c(/) - standard enthalpy of combustion for an organic compoxind in the liquid 
state, at 298 K and 1 atm (kJ/mol) 
N = Nc + 2(ANi), equivalent length chain 
Nc - total number of carbon atoms in the compound 
ANj - corrections for various phases and structures (tabulated) 
A1.2. Heat of formation (Method of Cardozo) 
AH°f (298 K) = -393.78Nc - 121(Nh " Nx)" 271.81Nf-
- 92.37 Nc, - 36.26 Ng^ + 24.8IN, -297.26Ns - AH°, (2) 
where AH°f (298 K) - standard heat of formation at 298 K and 1 atm 
Nc, Nh, Np, Nci, Ngr, Ns - numbers of atoms of carbon, hydrogen, fluorine, 
chlorine, bromine, iodine and sulfur in the compound 
Nx - total number of halogen atoms 
118 
A13. Gibbs free energy of formation (Method of Joback) 
AG°f (298 K) = 53.88 + 2(njAG) (3) 
where ACf (298 K) = Gibbs free energy of formation, at 298 K and 1 atm, ideal-gas 
(kJ/mol) 
nj - number of molecular groups of the j"* type (tabulated) 
Aq - free energy contributions for the j*** molecular group, in kJ/mol (tabulated) 
A1.4. Normal boiling point and critical properties (Joback modilQcation of 
Lyndersen's method) 
Te = Tb[0.584 +- 0.965ZAt - (SAt)^]"' (4) 
Pc = (0.113 + 0.0032nA - 2Ap)"^ (5) 
Vj = 17.5 + ZAv (6) 
where T^, - critical temperature, pressure and volume, respectively 
Tb = 198 + SAb - normal boiling point (K), 
Ab, Aj, Ap, Av - molecular group contributions for the boiling point and critical 
properties, respectively (tabulated) 
n^ - number of atoms in the molecule 
Al.S. Accentric factor (Lee-Kesler method) 
CO = Ct/p 
where co - accentric factor 
(7) 
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a = -InPc - 5.97214 + 6.096480"' + 1.28862Ine - 0.1693470^ (8) 
p = 15.2158 - 15.68750"' - 13.4721Ine + 0.435770^ (9) 
0 = Tb/T, (10) 
A1.6. Vapor pressure (Pitzer expansion) 
lnPv = f^°'T, + Q)f^'^T, (11) 
where Py - vapor pressure (bar) 
= 5.92714 - 6.09648/Tr - 1.288621nT, + 0.169347(T/ (12) 
= 15.2518 - 15.6875n-r- 13.4721hiTr +0.43577(7,)^ (13) 
Tr = T/Tc - reduced temperature (14) 
A2. Property Estimation Results 
Table 9. Selected physical and thermodynamic properties for compounds involved in the 
bleach/DAA reaction 
MW 
(g/mol) 
AH°K/g) 
(J/moixlO"') 
AC^ig) ASV/g) 
(j/molxio ') (J/molKxlO'-*) (J/molxlO"^) 
AG°f(/) 
(J/molxlO'^) 
DAA 116.16 -5.15 -3.71 4.38 -5.60 -3.86 
CHCI, 119.38 -1.03 -0.70 2.96 -1.71 -1.35 
Acetone 58.08 -2.17 -1.53 2.95 -2.52 -1.56 
Acetic acid 60.05 -4.32 -3.74 2.83 -4.85 -3.92 
HMB 118.00 - -7.26 - -7.93 -7.23 
DHMB 134.00 - -8.84 - -9.89 -9.04 
NaOH 40.00 -1.98 -2.00 2.83 -4.27 -3.79 
NaCl 58.44 -1.81 -2.01 2.30 -4.11 -3.84 
NaOCl 74.00 - - - -3.47 -2.99 
CI2 71.00 0.00 0.00 2.23 -0.17 -0.03 
Water 18.00 -2.42 -2.29 1.89 -2.86 -2.37 
Table 9. (continued) 
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(J/moixlO J (J/moIxlO"') 
Tcr (K) 
T  ^fusion (K) 
T ^b.fiocnul (K) 
DAA 6.04 -3.22 606 229 441 
CHCI3 9.54 -0.38 536 210 334 
Acetone 5.69 -1.66 508 178 329 
Acetic acid 11.72 -0.79 593 290 391 
HMB -
-2.39 875 - 548 
DHMB* -
-2.19 826 - 640 
NaOH 6.61 - 2820 596 1830 
NaCl 28.16 - 3400 1074 1738 
NaOCl - - - -
-
CI2 6.41 - 417 172 239 
H2O 
- - 647 273 373 
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APPENDIX B. EXPERIMENTAL PROCEDURE USED 
IN THE LIQUID EXTRACTION EXPERIMENTS 
To obtain extraction equilibrium data, 50-ml volumes of HMB crude provided by 
one of the manufacturers were contacted with equal volumes of solvent at room 
temperature. Initial HMB concentrations in the aqueous phase were in the range 34 g/1-44 
g/1. The two phases were vigorously stirred, with a magnetic bar, in a covered 300-ml 
glass beaker for 30 minutes or more. Adjustment of pH was done by adding 6 N HCl to 
the mixture and monitored with a Harma Checker 1 pH-meter. When no significant 
change in pH was recorded after the last addition of HCl, stirring was stopped and the 
two phases were transferred into a glass fimnel where they were allowed to separate for 
10-15 minutes before being decanted. 
Samples were taken from the aqueous phase and analyzed by HPLC using a 
chromatographic method and HMB standards provided by Metabolic Technologies, Inc. 
The estimated standard error of the analysis was of ± 5 % [25]. Concentrations were 
expressed as weight percent of the initial amount present in the crude because the did 
could not be quantified. Changes in volume due to mutual solubility of the two phases 
and due to acidification were carefiilly taken into account at all times. Although in some 
cases replicates were done, for most experiments the number of observations was one. 
The partition coefficients for these experiments could be affected by the error of analysis 
to result in estimated deviations from the observed values from as low as 1.7 % (for 
chloroform) to as high as 9.5 % (for Adogen 381 in methyl-ethyl ketone). It is also 
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possible that additional error could result from inaccurate pH readings, although this is 
not very likely since care was taken to recalibrate the pH meter before each experiment. 
Technical grade solvents and extractants were used without additional purification 
in an attempt to simulate industrial operation. All solvents were acquired from Fisher 
Chemicals with the exception of hexanol which was purchased from Aldrich. Samples of 
Adogen 283 and Adogen 381 were provided by Witco Corporation, Alamine 304-1 and 
Alamine 336 were acquired from Henkel Corporation, and TBP and TOPO were 
purchased from Sigma Chemical Company. 
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APPENDIX C. SETUP AND PROCEDURE USED 
IN THE REACTION KINETICS EXPERIMENTS 
To study the reaction kinetics and mechanism, 3.5-21 ml voliraies of diacetone 
alcohol (purity 99 %) were added gradually, from a constant-addition funnel, to 250 ml 
volumes of sodium hypochlorite solutions, 12 % wt available chlorine. When lower 
initial concentrations of hypochlorite were required, 12 % wt bleach solutions were 
diluted with deionized water. When investigating the effect of the hydroxyl and chloride 
ions, sodium hydroxide beads (97-98 %) and sodium chloride crystals (99 %), 
respectively, were dissolved in the bleach solutions before diacetone alcohol was added. 
Reagent-grade substances were used in an attempt to obtain results of maximum 
accuracy. All bleach solutions were purchased from Spectrum Quality Products who also 
provided certificates of analysis. Diacetone alcohol was obtained from Aldrich, and 
NaOH and NaCI were acquired from Fisher Chemical. 
Reactions were performed in a 500 ml, four-neck, round-bottom flask placed in a 
constant-temperature water bath with circulation and refrigeration. Mixing was provided 
at a constant rate of 500 rpm by a stirring system that comprises an electric motor 
connected to a glass/teflon agitator by a flexible shaft, and temperature was measured 
with a glass thermometer. Strict temperature control was maintained at all times, and 
temperature deviations from the set values rarely exceeded ±0.5 °C. 
Each type of experiment was performed at least twice, imder identical conditions. 
Reaction times, in general, varied between two and six hours, depending on the rate of 
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addition and volume of diacetone alcohol, temperature, as well as NaOH concentration. 
Following the completion of a reaction, the resulting chloroform was decanted in a 
separatory funnel and a 20 ml aliquot was collected &om the aqueous phase. The aliquot 
was then acidified to pH 1-2 and three identical 200 fil samples were taken. 
Sample analysis was performed by HPLC using a chromatographic method and 
HMB standards provided by Metabolic Technologies, Inc. Acetate standards were 
prepared from glacial acetic acid. To minimize the error of analysis, standards were run 
before and after each set of samples, and the results were averaged. Also, for each 
experiment, product concentrations were calculated by averaging the three sample 
concentrations. Finally, for each type of experiment, results were given as the average of 
at least two runs. 
Under these strictly controlled experimental and analytical conditions, the overall 
standard error of the HMB concentration results was estimated to only ±3% and it was 
most likely due to inaccuracies in measuring and dispensing small liquid volumes. A 
greater amount of error may have affected the acetate results, due to less reliable acetic 
acid standard assays. 
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APPENDIX D. ANALYTICAL PROCEDURE FOR THE 
DETERMINATION OF AVAILABLE CHLORINE 
IN BLEACH SOLUTIONS [64] 
1. Pipette 5 ml of sodium hypochlorite solution into 250 ml Erlenmeyer flask containing 
50 ml of distilled water. 
2. Add 7 to 8 grams reagent potassium iodide crystals and swirl to dissolve. 
3. Add 10 ml dilute sulfuric acid (4 parts distilled water: 1 part 95-98 % reagent ACS 
sulfuric acid) and swirl. 
4. Titrate with 0.569 N sodium thiosulfate to a clear water color. 
5. Titration multiplied by 0.4 equals percent by volume available chlorine. 
6. To calculate weight percent available chlorine, divide percent by volume by specific 
gravity. 
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